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Abstract

Methanol oxidative dehydrogenation on titania supported metal oxide catalysts was studied
to clarify different mechanistic proposals reported in the literature. Operando spectroscopic
and isotopic transient experiments under controlled reaction conditions, combined with
correlations between catalyst structure and product distribution, revealed how the nature of
redox sites governs the methyl formate formation and integrates the reaction pathways into
a coherent framework.

Sub-monolayer MoO3/TiO> and V20s5/TiO, catalysts, dominated by highly dispersed
interfacial M—O-Ti linkages (M = Mo, V), stabilize formate-type intermediates which favor
methyl formate production through the formate—mediated route. In contrast, catalysts
featuring crystalline M—O-M domains promote the hemiacetal intermediate, where less—
stabilized intermediates lead directly to methyl formate and dimethoxymethane formation.
These results indicate a common mechanistic framework for both Mo— and V-based systems,
in which the dominant pathway is selectively expressed depending on the nature and
distribution of redox sites rather than on the metal identity itself.

Isotopic labeling and transient experiments rule out extensive methoxy exchange and the
Tishchenko pathway for methyl formate formation, under the studied conditions. Differences
in intermediates stabilization, active sites distribution, and kinetic isotope effects account for
the observed variations in reaction orders and selectivity.

Overall, the study demonstrates that the formation of oxygenates in methanol oxidative
dehydrogenation critically depends on the type of redox site involved, establishing a
structural — mechanistic framework that rationalizes the behavior of MoO3/TiO; and
V205/T102 catalysts and can be extended to other reducible oxide systems engaged in
selective oxidation reactions.
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Introduction

Currently, the catalysis community is focused on solving energy and chemical problems such
as H, storage!, the sustainable production of chemical fuels?, and the valorization of COz into
high-value chemicals®. In this context, Olah* proposed the concept of “methanol economy”,
positioning methanol as key molecule to reduce our dependence on fossil fuels. Moreover,
methanol is a promising H» carrier' and serves as a C; building block of many other
compounds?’.

One of the reactions in which methanol acts as a building molecule is the methanol partial
oxidation or oxidative dehydrogenation of methanol (ODH). This reaction produces
compounds such as formaldehyde (HCHO, FA), dimethoxymethane (CH3:0CH>OCH:j3,
DMM), and methyl formate (HCOOCH3, MF), among others®.

Formaldehyde is one of the products obtained industrially through the partial oxidation of
methanol via the Formox process. Currently, the process is mainly carried out over Fe—-Mo
mixed oxide catalyst at 250 — 400°C, at atmospheric pressure in excess air, obtaining a high
yield to FA with near complete conversion’. In the Formox process methanol vaporized in
the process gas and passed into a tubular reactor. Subsequently, the mixture at the reactor
outlet, composed mainly of formaldehyde and water, is cooled and conducted into a multi-
stage absorption system, where the formaldehyde is separated and recovered’.

On the other hand, the industrial methyl formate production proceeds via liquid—phase
methanol carbonylation at 80°C, 40 bar pressure, and using sodium methoxide as catalyst.
Although this method can achieve high selectivity (but at low conversion), they often suffer
from issues related to corrosion, catalyst moisture sensitivity, and environmental concerns
due to the use of toxic CO feedstocks and liquid-phase operations.®

Under this context, the production of methyl formate via heterogeneous catalysis in the gas
phase and in a continuous process is an attractive alternative. Nevertheless, most metal oxide
catalysts are not active and/or selective enough from the industrial standpoint, it is still highly
demanding to develop efficient catalysts for the oxidative dehydrogenation of methanol?®.

To address this challenge, extensive research has been devoted to understanding the oxidative
dehydrogenation of methanol over various oxide catalysts® 2. Transition metal oxides, such
as bulk and supported molybdenum, vanadium, and ruthenium, have been particularly
employed due to their high redox activity and their ability to participate in Mars-van Krevelen
cycles!® necessary for formaldehyde formation. In this mechanism, lattice oxygen atoms
from the oxide surface are involved in the oxidation of methanol, leading to the formation of
FA, followed by catalyst reoxidation with gas-phase oxygen'*. Within this redox cycle, the



first dehydrogenation of the methoxy group is widely accepted to be the rate-determining
step (RDS) in the overall methanol ODH %1516,

However, the subsequent steps to form DMM and MF remain under debate, with no clear
consensus regarding the intermediates involved. Previous works'>"® suggest that
dioxymethylene (O—CH>—0) and formate (HCOO) are the intermediates in a shared reaction
pathway. This pathway is supported by FTIR-operando studies. Busca et al.'*'¥  studying
with vanadium-based catalysts, observed that dioxymethylene is the stable form of adsorbed
formaldehyde. This species can react with two CH3OH molecules to produce
CH30CH2OCH;3 or continues to dehydrogenate on the surface to form formate species, which
can then react with CH30H to yield HCOOCH3', or produce complete oxidation products

such as CO and CO:..

On the other hand, hemiacetal (CH;OCH>OH) has also been proposed as the intermediate
leading to the formation of DMM and MF!>2%2% In an earlier study, Wachs and Madix*
observed that a complex between HCHO and CH30H forms HCOOCH3 more easily than a
complex of CH30H and HCOOH (as a precursor for formates species). Later, different
researchers'>?*?> supported the idea that hemiacetal is the intermediate, based on the
observed relation between DMM and MF. CH30CH>OCHj3; is a reversible product in
equilibrium with CH3OCH>OH, which can undergo dehydrogenation at high temperatures to
form HCOOCHs. Additionally, Iglesia and Liu'? observed that the selectivity between DMM
and MF may change depending on the presence of Bronsted acid sites. In another study,
Tatibouét®! analyzed the formation of these products through transient isotopic experiments,
concluding that the only possible pathway for the formation of DMM and MF is via
hemiacetal. Moreover, this pathway is also supported by DFT calculations®*-*. Nevertheless,
the reason why hemiacetal has not been proposed in precedent FTIR studies is that this
intermediate is highly unstable on the surface and therefore cannot be observed in those
experiments?’.

In a recent work, Broomhead et al.?*
possible pathways may occur, depending on the structure and availability of the active sites.
In this context, they highlighted that MF is more rapidly produced via formaldehyde

dimerization pathway or Tishchenko reaction (2 HCHO - HCOOCH3). This pathway had
9,28

presented a comprehensive mechanism in which all

previously been proposed by Mamoru Ai”“°, who studied it using various mixed oxides and
argued that MF may form this way on Lewis’s acid sites such titania.

In an effort to dilucidated the reaction mechanism, molybdenum-based catalysts were studied
in our recent work®. These catalysts exhibit a behavior similar to that described by
Broomhead et al.?* for V20s/TiO> catalysts. Catalysts with Mo or V loadings theoretically
below the monolayer coverage proposed by Wachs®® which feature exposed titania, present
higher yields to MF, while catalysts that present crystalline molybdenum or vanadium oxides
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(above the theoretical monolayer) mainly produce FA or DMM. However, despite these
observations, a key uncertainty remains regarding the precise role of titania in MF formation.
In particular, it is unclear whether the Tishchenko pathway is truly operative under reaction
conditions, or whether an alternative mechanism governs the reaction.

To address this, the present study examines the mechanistic hypotheses discussed above
using spectroscopic and isotopic transient experiments under controlled reaction conditions.
By correlating structural features with reaction product distribution, the role that titania plays
in promoting MF formation is elucidated and the mechanisms proposed in the literature are
integrated into a coherent reaction scheme. This integrated approach not only clarifies the
surface chemistry involved but also strengthens the correlation between structure and
activity, in an effort to deepen the understanding for the selective oxidation reactions over
molybdenum catalysts.



Hypothesis and objectives

Hypothesis:

The mechanism of dimethoxymethane (DMM) and methyl formate (MF) formation over
MoOs/TiO2 and V20s/TiO; catalysts proceeds through the hemiacetal pathway, which
operates exclusively on sites provided by the metal oxide. In contrast, on Lewis’s acid sites
associated with titania, MF can be produced via methanol dehydrogenation and oxidation,
that is, through the pathway involving formate species as intermediates.

On titania, the formation of methyl formate is more strongly associated with pathways
involving formate species generated at metal — titania interfaces, rather than with the
Tishchenko — type conversion of formaldehyde occurring exclusively on titania Lewis’s acid
sites.

General objective:

To study the effect of different types of active sites on the mechanism of the oxidative
dehydrogenation of methanol over molybdenum and vanadium catalysts supported on titania.

Specific objectives:

e To propose a reaction mechanism based on the reaction intermediates observed by in situ
IR spectroscopy.

e To clarify the role of the Lewis acidic sites provided by titania in the formation of methyl
formate through the oxidative dehydrogenation of methanol.

e To study the role of hemiacetal as intermediate in the formation of dimethoxymethane
and methyl formate.



Chapter I: Deciphering the mechanism of methanol oxidative dehydrogenation on
MoO3/TiOz2 catalysts through Transient and Isotopic Operando-DRIFTS

They say it is better to deal with the devil you know than the one you do not. The
molybdenum-based catalysts presented in this thesis were previously synthesized and
studied in another investigation carried out within the CarboCat group. That earlier work
served as the foundation that inspired a deeper exploration of methanol partial oxidation.

Thus, prior to the start of this chapter, the materials had already been extensively
characterized and examined from a surface perspective, which enabled this study to focus on
amore detailed understanding of the mechanistic implications associated with the active sites
involved. The main goal was to establish a coherent mechanistic picture, integrating key
arguments from the different proposed pathways and identifying the most determining
factors in this reaction.

This chapter invites the reader to follow that quest. An effort to decipher how the catalyst
structure, its active sites, and surface dynamics intertwine to shape the reaction mechanism.
It unveils connections that not only deepen the understanding of the role of molybdena but
also open new perspectives on the fundamental principles governing the oxidative
dehydrogenation of methanol.

I.1. Experimental

1.1.1. Catalysts preparation

MoO3/Ti0> supported catalyst with different molybdenum surface density (2.5 and 15 Mo
atoms nm ?) were prepared by wet impregnation using ammonium heptamolybdate as
precursor and oxalic acid as complexing agent. The desired surface concentration was
defined as the number of molybdenum atoms per square nanometer of the catalyst surface,
calculated from the nominal MoO3 weight loading and the BET surface area of the TiO:
support (50 m? g, Evonik P-25).

The preparation involved dissolving oxalic acid in water at mild heating, adding the
molybdenum precursor to a 3:1 oxalic acid:Mo molar ratio, and subsequently incorporating
the support under stirring. After impregnation, the slurry was dried under reduced pressure
and then oven—dried, followed by calcination in static air at 500 °C. The same procedure was
applied to all catalysts, adjusting only the amount of precursor to reach the desired Mo
surface density.

1.1.2 Catalytic activity



Kinetic measurements of the MoQO3/TiO; catalysts were performed in a fixed bed reactor.
The reactor bed was composed of 200 mg of catalyst mixed with 2 g of quartz sand (both in
the range of 150-380 pum particle size), to prevent heat transfer limitations in reaction rate
measurements. This mixture was placed between two quartz wool sections.

Before the reaction, the catalyst was pretreated in dry air flow (21 % vol O2/Nz, Air Liquide,
20 ml min!) at 300 °C for 30 min at a heating rate of 10 °C min™'. After that, the activity of
the catalysts was measured with CH3OH/O; molar ratio equal to 4:9 (Pcuson = 4 kPa, Po> =
9 kPa, with N3 as balance) in a total flow of 50 ml min!. CH;0H (Merck-Millipore, 99.9%)
was fed to the reactor using a PTFE saturator submerged in a thermostatic bath at 25 °C,
using N> as the bubbling gas. The N> (Air Liquide 99.999%) and dry air (Air Liquide
99.999%) flows were controlled by mass flow controllers (Kofloc 8500). The concentration
of reagents and reaction products were monitored in real-time using an SRI 8610C gas
chromatograph equipped with a capillary column (30 m % 0.53 mm L.D. 1.0U MXT-WAX,
Restek 70655-273) and three packed columns (6 x 1/8”, Molecular sieve 5A, 18” x 1/8”
Hayesep D, and 6’ x 1/8” Hayesep D) and an Extorr XT-100 residual gas analyzer. Methanol
and reaction product lines were held at 100 °C to prevent condensation.

The selectivity (S;) for FA, MF and DMM was defined as the outlet molar flow of product i
(F;), multiplied by the number of carbon atoms in that product (v ;), normalized by the total
contributions of all products, as shown in equation 1.

_ Vet Fi « 100 O
~ wproducts
ijl VC!] ) F}

Si

1.1.3 Operando - Diffuse Reflectance Infrared Fourier Transform Spectroscopy (Operando -
DRIFTS)

Operando-DRIFTS analyses were performed using a Praying Mantis system (Harrick
Scientific) equipped with a low dead volume stainless-steel cell fitted with ZnSe windows.
The temperature of the catalyst in the cell was measured and controlled with a temperature
controller (Watlow Instruments) equipped with two K-type thermocouples. The system was
located inside a Nicolet 1S-20 spectrometer (Thermo Scientific) with a liquid nitrogen-cooled
mercury—cadmium—telluride (MCT-A) detector. The respective background spectrum at the
corresponding temperature and reactant atmosphere was subtracted. Effluents at the cell
outlet were analyzed online using an Extorr XT-100 residual gas analyzer. Gas flows were
controlled with mass flow controllers (Kofloc 8500), and a four-way valve allowed for two
different reaction systems to be alternately connected to the cell.

Spectra were recorded in the range of 4000 to 400 cm™, with a sampling frequency of 0.251
s~! and 10 scans per spectrum, and the time-domain IR spectra were recorded in kinetic and
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rapid-scan mode at a resolution of 4 cm™!. The feed components for the experiments included
N2 (Air Liquide, 99.999%), dry air (Air Liquide, 99.999%), Ar (Air Liquide, 99.999%), He
(Air Liquide, 99.999%), CH30H and CD;OD (both from Merck-Millipore), which were
introduced into the feed through a custom-designed glass saturator. Saturation conditions
were estimated using the Antoine equation at 25°C. To prevent condensation of methanol
and reaction products, all transfer lines were heated and maintained at 100°C.

Two experiments were performed at 175 and 225°C under atmospheric pressure using 2.5
and 15 MoQO3/TiO; catalysts. In the first experiment, both systems were subjected to standard
reaction conditions (1 kPa CH3OH, 9 kPa O», 10 kPa He as tracer, 10 kPa Ar as internal
standard and N as balance). After reaching steady state, the feed was changed to 1 kPa
CD30D, 9 kPa O», 10 kPa Ar, and N as balance (without He). The change was from CH30OH
to CD30D and vice versa. The background was collected before methanol entered the cell
for the first time.

In the second experiment, first, the system reached steady state under reaction conditions (1
kPa CH3OH, 9 kPa O», 10 kPa He, 10 kPa Ar and N as balance). Then, the feed was changed
to (10 kPa Ar and N> as balance) to purge the surface and gas phase. After the purge, 1 kPa
CD30D, 10 kPa Ar, and N> as balance were introduced to study the reaction of a deuterated
methanol stream with a surface containing hydrogenated species. Subsequently, the feed was
switched to 17 kPa Oz, 10 kPa Ar and N> as balance to oxidize species formed with CD3OD.
Finally, CH30OH was reintroduced (1 kPa CH3OH, 10 kPa Ar, and N>) in the absence of O2
to react with D-containing intermediates. Background spectra were collected before each
condition. All the experiments were carried out at a total flow rate of 40 ml min™!, and each
reaction step was maintained for 30 minutes.



I.2. Results and Discussion

Based on our previous work 27, these catalysts were studied and characterized in our previous
work using complementary structural and spectroscopic techniques, revealing a clear
dependence of the MoOs structures and physicochemical properties on surface molybdenum
density?’. For loadings theoretically below the monolayer coverage (2.5 MoO3),
molybdenum oxide is present as highly dispersed octahedral oligomeric chains strongly
interacting with the TiO> support. In contrast, above the theoretical monolayer coverage (15
MoO:3), these surface species coexist with, and are largely dominated by, orthorhombic
crystalline MoO3 domains, leading to a partial loss of Mo dispersion and site accessibility.
This structural transition entails a shift from highly dispersed, strongly interacting sub
monolayer Mo species with high reducibility to bulk crystalline MoO3 domains characterized
by a predominant Mo*® oxidation state, defining two distinct catalytic regimes relevant to
methanol activation and selectivity.

Table 1 summarizes the catalytic activity for 2.5 and 15 MoOs3/Ti0: catalysts in fixed-bed
reactor experiments, as reported in our previous publication?’. Despite operating at
comparable methanol conversion (~18%), the two catalysts exhibit markedly different
catalytic behavior. The oligomeric catalyst (2.5 MoOs3) presents higher selectivity toward
DMM and MF, whereas the crystalline catalyst (15 MoOs) displays significantly higher
activity and a strong preference for FA formation. These results demonstrate that the
structural differences between the oligomeric and crystalline MoOs phase translate into
distinct reactivity and selectivity patterns, consistent with the presence of different surface
environments and reaction pathways.

Table 1. Summary of catalytic performance of MoO3/TiO> catalysts of our previous work.
Reaction conditions: CH3OH/O2/N> (feed) = 4/9/87 %v/v, T = 225°C, Conversion ca. 18%.

1 -1
Catalyst MoQOs3 phase rODHg(MI_Tll)O S Sra (%) Spmm (%) Swmr (%)
cat
2.5 Octahedral
. 1 2
MoO3/T102 Oligomeric 05 ? > 36
15 Orthorhombic
2.1 64 11 25
MoO3/TiO2 Crystalline

Building on these observations, the following sections explore the behavior of these catalysts
under operando-DRIFTS conditions. Figure I-1 displays the evolution of IR bands upon
switching the feed from CH3OH/N2/Ar (a) and CD3OD/N2/Ar (b) to O2/N2/Ar at 200 °C, over
2.5 MoOs catalyst. In general, the intensity of some bands diminishes under these oxidative
conditions, due to the consumption of the respective surface species generated under previous



reaction conditions. Simultaneously, other bands increase in intensity, corresponding to the
formation of surface species from the oxidation process.

Figure I-1.a presents the experiment carried out with CH30OH (H—methanol), where the bands
at 2956/2855 cm™!' along with those at 2940/2925/2925/1455/1440 cm’!, are associated to
molecular methanol species adsorbed on the surface and methoxy species, respectively!”?.
These bands diminish in intensity under oxidizing conditions due to the consumption of the
associated species. Consequently, new bands emerge at 1545/1381/1355 cm’!, which are

attributed to adsorbed formates.

Applying the same logic to Fig. I-1.b, the bands observed at 2230/2188/2122/2083/2064 cm”
I can be assigned to adsorbed methanol or methoxy species from CD3;OD (D-methanol).
Groff’! studied the adsorption of CD3;0D on molybdenum trioxide on IR and reported that
the bands at 2230/2083 cm™' correspond to the asymmetric and symmetric stretching of
volatile methanol, respectively. Similarly, the bands at 2185/2064 cm™ were associated with
the same vibrational modes in nonvolatile methanol, supporting the hypothesis that these
signals arise from adsorbed methanol or methoxy species.

In line with this, Domen et al*?, carried out an IR study following formates species during
H»/D> exchange reactions and confirmed that all the bands emerging under oxidizing
conditions in our experiments (2203/1525/1327 cm™) correspond to formates. The 2203 cm’
!'band is a shifted counterpart of the 2940 cm™! band, associated with formates (vas (CO2) +
8(C-H))**. Meanwhile, the bands at 1525 and 1327 cm™! correspond to slightly shifted from
the 1545 and 1381 cm™! bands observed in the hydrogenated case. In Fig. I-1.b, the 1525 cm’
!'band appears poorly defined and close with the 1545 cm™! band, while the 1327 cm™ band
is more distinct and clearly separated from the 1381 cm™! band. For this reason, these species
(hydrogenated or deuterated) will be followed in all subsequent experiments. Furthermore,
these bands were also detectable on the 15 MoOj catalyst (Figure 1-2).

In both transitions CH3OH/N/Ar to O2/N2/Ar (with H- and D-methanol), a negative peak is
observed at 1612 cm ™!, corresponding to the (H-O-H) modes of strongly Lewis — bound
water on the catalyst. The appearance of this negative feature after methanol adsorption and

oxidation indicates that methanol adsorption displaces the Lewis-bound water>*3.
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Figure I-1 DRIFT spectra of 2.5 MoO3/TiO> catalyst at 200°C after switching from a)
CH30H/O2/N2/Ar to O2/N2/Ar; b) CD30D/O2/N2/Ar to O2/No/Ar.
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Figure I-2 DRIFT spectra of 15 MoO3/TiO; catalyst at 200°C after switching from a)
CH30H/O2/N2/Ar to O2/N2/Ar; b) CD30D/O2/Ny/Ar to O2/Na/Ar.

Figure I-3 shows the transient experiments at 225°C where the feed was switched between
CH30OH/O2/N2/Ar/He and CD3OD/O2/N2/Ar, over both Mo-Ti catalysts, focusing on the
formation of methyl formate. During the H - D transition (Fig. I-3 a and c), after helium
evacuation, the signal of fully hydrogenated methyl formate (HCOOCHS3) also decreases at
a similar rate in both catalysts. A few seconds later, the main product of this transition
appears, methyl formate with a fully deuterated methoxy group (HCOOCD3). The temporal
evolution of the HCOOCDs signal reveals differences in the kinetic behavior of both
catalysts. The broader and longer—lasting peak observed for 2.5 MoOs suggests slower
reaction kinetics and higher selectivity, while the narrower profile of the same product over
15 MoOs indicates a more active catalyst with lower selectivity toward MF. At the end of the
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transition, fully deuterated methyl formate (DCOOCD3) appears. Notably, the formation
rates (slopes) of DCOOCD; differ between catalysts, which may again be related to their
activity in the context of isotopic effects.

To rationalize these transient behaviors, Scheme -1 summarizes the reaction pathways most
commonly proposed in the literature for methanol oxidation and MF formation'?!1624,
discussed above in the introduction. Scheme I-1.a outlines the general mechanism of
oxidative dehydrogenation of methanol, while Scheme I-1.b highlights the incorporation of
CDs3O0D in each pathway. This compiled scheme provides the framework needed to interpret
the isotopologue sequence observed in Figure [-3.

as

The sequence of formation of methyl formate isotopologues observed during this transition
is consistent with the Scheme I-1. If the reaction proceeds via either formate species (HCOO)
route or the hemiacetal intermediate (CH30OCH2OH), feeding CD3;OD results in the
interaction of deuterated alcohol with hydrogenated surface intermediates, coming from
formaldehyde (HCHO) such as hemiacetal or formate. In either case, the only MF
isotopologue possible during this transition is HCOOCD3 and once the hydrogenated surface
intermediates are consumed, the sole product formed is DCOOCD:s.
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Figure I-3 MS signal of methyl formate (hydrogenated, partially, and fully deuterated) in
the CH3OH/O2/N2/Ar/He - CD30D/O2/N2/Ar or vice versa transition at 225°C for a) 2.5
MoOs catalyst CH;0OH - CD30D; b) 2.5 MoOs catalyst CD3;0OD - CH30H; ¢) 15 MoOs3
catalyst CH;OH - CD;0OD; d) 15 MoOs catalyst CD;0D - CH3;OH.

Applying the same logic, during the D - H transition, the expected main product would be
DCOOCH;3;. However, this species is detected after the apparition of HCOOCD;3 or even H-

MF (HCOOCH3), these compounds appear earlier and in greater proportion than DCOOCH3
(Fig. I-3.b and I-2.d). This is an intriguing result: while the formation of HCOOCDj3 during

H - D transition is consistent with the formate or hemiacetal pathway, its predominance
during the D - H transition is unexpected and suggests the influence of an additional effect.
A kinetic isotope effect could contribute to this behavior, since the conversion levels differ
under H- and D-methanol feeds, and may help explain why the formation of HCOOCD:; is
notoriously greater compared to DCOOCH3.
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Scheme I-1 Surface dioxymethylene — formate and hemiacetal intermediate pathways
proposed for the methanol ODH reaction, considering a) the fully hydrogenated case, and b)
hydrogenated intermediates with deuterated methanol in the gas phase.

It is worth noting that the Tishchenko reaction pathway does not account for the above
observation. In both transitions, MF with a partially deuterated methoxy group
(HCOOCHD:?) was not detected. This compound would be expected if the formation of MF
occurred via Tishchenko reaction, which involves the reaction of hydrogenated and
deuterated formaldehyde (HCHO + DCDO). This scenario is theoretically possible, Cant et
al.’, reported that when CH3OH and CD3;OH were co-fed during the non-oxidative
dehydrogenation of methanol over copper — based catalysts, small amounts of HCOOCHD>
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were observed. Nevertheless, the main product reported in their study was HCOOCD3, which
is consistent with our findings.

Broomhead et al.?* reported that MF is formed via the Tishchenko reaction over V,0s/TiO;
catalysts with exposed titania based in their characterization. Isotopic labeling experiments,
using CD30D and HCHO or the other way (CH30H and DCDO), showed that once MF is
generated through the Tishchenko pathway, an exchange takes place between the methoxy
groups (CH30%*) from methanol and those of methyl formate. This isotopic exchange is
exemplified by the following reaction: CD;OD + HCOOCH3; 2 CH3OD + HCOOCD:.
Nonetheless, Takahashi et al.>’, provided more definitive evidence against this mechanism
in their study over Cu/SiO> catalyst in the non-oxidative dehydrogenation of methanol. They
co-fed H-FA (HCHO) and Ds-methanol (CD3OH) at temperatures where Tishchenko
reaction typically occurs, and the predominant product was HCOOCD:;. Importantly, they
did not detect methanol produced by methoxy exchange between H-MF and deuterated
methanol. In fact, they reported that methyl exchange occurred in less than 2%, rendering it
insignificant. Moreover, rearranging hydrogen or deuterium atoms within the methoxy group
is also unlikely, as this would require breaking a C-H (or C-D) bond, a step known to be the
RDS in methanol oxidation.

In line with the findings of Cant*®, Takahashi et al.*” further showed that when co-feeding
CH30H and CD30H, the formation rates of HCOOCH3 and HCOOCD; species were three
to five times higher than those of DCOOCH3 and DCOOCD:. Pearson et al.*® also reported
similar results. Taking together, these studies and our own results indicate that HCOOCD;
formation is favored, even in conditions where DCOOCH3 would theoretically be accessible.
This preferential formation reflects the fact that hydrogen abstraction during methanol
dehydrogenation is kinetically more favorable than deuterium abstraction, leading to
substantially higher rates of pathways involving HCHO than those involving DCDO.

Figure [-4 summarizes the CH3OH/O2/No/Ar/He - CD3OD/O2/N/Ar -
CH30H/O2/N2/Ar/He transition for the 2.5 MoOj catalyst at 175°C. Fig. [-4.a shows the
evolution of fully hydrogenated or deuterated MF and DMM throughout the experiment,
while Fig. I-4.b and [-4.c provide magnified views of the transitions where the feed
composition was switched. At this temperature, both DMM and MF decay at nearly the same
rate under deuterated conditions, indicating that they share the same rate-determining step,
1.e., the first dehydrogenation of the methoxy group. Since they decay in the same proportion,
it can be concluded that only one methanol species is involved in the RDS.

Complementary data at 225°C for the same catalyst, and for 15 MoOj at both 175 and 225°C
are presented in Figure A.I-1 — A.I-3 respectively. Under deuterated reaction conditions, the
reaction is slightly shifted toward the formation of fully deuterated DMM (D-DMM). This
shift reflects the equilibrium between DMM and its surface precursor, which depends on

14



reaction conditions and the H2O pressure. At higher activity, this intermediate tends to
participate in the pathways leading to MF !2!82° In the case shown in Fig. I-4, the reaction
operates in kinetic regime, where equilibrium limitations are negligible and the formations
of DMM or MF are not thermodynamically favored.

Therefore, the fact that both DMM and MF decay in the same proportion, and that no
equilibrium effects favoring DMM formation are observed, indicates that both products share
the same RDS. Assuming that the first dehydrogenation of methanol is the RDS %1639  the
kinetics do not allow the Tishchenko reaction pathway to operate as the mechanism for the
methyl formate formation, as it would result in a more pronounced decrease under deuterated
conditions compared to DMM. This is because, if MF were formed through the Tishchenko
mechanism, the amount of FA required would be twice that needed for DMM formation.

During the methanol transition, DMM is the first product to disappear (Fig. [-4.b and [-4.c
and all the Fig. A mentioned recently). This behavior is probably related to the last methanol
molecules participating in its formation, which may remain in the gas phase rather than as
surface methoxy species. If this assumption is correct, it implies that methoxy species can
follow two different pathways on the surface: (I) dehydrogenation to formaldehyde, or (II)
direct participation in the formation of MF. Considering the previously discussed kinetic
isotope effect during CD30D - CH3OH transition, it is reasonable to assume that deuterated
methoxy species accumulate on the catalyst surface due to the slower rate-determining step,
resulting in higher surface coverage. As a result, when H-methanol reaches an available redox
site, and considering that H-methanol is dehydrogenated to formaldehyde more readily than
D-methanol, it facilitates the removal of surface deuterated intermediates. This provides a
consistent explanation for why HCOOCD: becomes the dominant product during the CD3;0D
— CH3O0H transition.
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Figure I-4 Normalized MS signal of methyl formate (MF) and dimethoxymethane (DMM),
fully hydrogenated (H) and deuterated (D), a) CH30H/O2/N>/Ar/He - CD30D/O2/Nay/Ar -
CH30H/O2/N»/Ar/He transition over 2.5 MoQO3/TiO: catalyst at 175°C, b) zoom of CH3;0H
- CD30D transition and ¢) zoom of CD30D - CH3OH transition

As shown in Figure I-5, the IR signals corresponding to hydrogenated (2925 cm™) and
deuterated (2064 cm™) methoxy groups, together with transient evolution of the MF
isotopologues during CH30OH -> CDs;OD transition, exhibit nearly identical profiles over both
catalysts. The parallel evolution of the 2925 ¢m™ band and fully hydrogenated methyl
formate further indicates that the decrease in HCOOCHs3 is related to the consumption of
surface methoxy species, either through dehydrogenation to formaldehyde or direct
involvement in MF formation, this is consistent with the previously pathways and does not
support their participation in a Tishchenko-type mechanism.

If the Tishchenko pathway were the main pathway, an exchange between the methoxy group
of HCOOCH;3 and the deuterated methoxy of CD3OD would lead to different evolution
profiles. Specifically, the consumption of CH30* should lag the formation of CD30*, and
HCOOCDs should appear earlier than CD3;0*. Furthermore, the distinct slopes of the
HCOOCD:; signal compared to other species suggest that CD3;OD reacts with a surface
enriched in hydrogenated species coming from HCHO, ultimately yielding the partially
deuterated compound.

On the other hand, the potential methoxy exchange was rigorously examined in Appendix
Al-2. A quantitative analysis of the accumulation of hydrogenated and deuterated methoxy
species during the formation of HCOOCD:s in the transient experiments indicates that such
an exchange does not take place. This independent evaluation reinforces that the isotopic
profiles observed here cannot be attributed to a methoxy — methoxy scrambling mechanism.
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Figure I-5 Normalized MS signal of methyl formate (hydrogenated, partially, and fully
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deuterated) in the CH3;0H - CD3OD transition at 225°C and methoxy hydrogenated (2925

cm™') and fully deuterated (2064 cm™) normalized IR evolution on a) 2.5 MoOs catalyst; b)
15 MoOs catalyst.

Figure -6 shows the IR spectra during CH3;OH/O2/N>/Ar/He - CD30D/O2/N»/Ar (a) and
CD30D/0O2/N2/Ar - CH30H/O2/N2/Ar/He (b) transition over the 2.5 MoOs catalyst, within
the first two minutes after the switch. The green spectra correspond to the steady-state
condition before the change, while the blue spectra were collected 2 minutes after the switch.
The Figure highlights three spectral regions: hydrogenated methoxy (2800 — 3000 cm™),
deuterated methoxy (2000 — 2300 cm™') and formates (1300 — 1600 cm™). In both transitions,
the evolution of H- and D-methoxy bands is remarkably clean. However, formate species
were not observed on the catalyst surface under any condition. This behavior was consistent
for both catalysts (2.5 and 15 MoOs catalyst) at 175 and 225°C. Nevertheless, this result does
not discard that the formates participate in the formation of MF. It is probable that the surface
formates have a short-life time or are not formed in detectable amounts.

—— 0 min B) —— 0 min
—— 1 min —— 1 min
—— 2 min —— 2 min
= 0.1 5 0.1
s s
[0] [0]
2 0 -~ 2 ) = I~
8 > 29 8 > R
'e -~ ~— - 'e - - -
3 1 [ 3 1 (I
o ] ] [} o ] ] L]
< I I < |
I I I 1
I I |1
l [ | l | |
T T T T T T T T T T
3000 2800 2200 1600 1400 3000 2800 2200 1600 1400
Wavenumber (cm™') Wavenumber (cm™)

Figure I-6 IR spectra for 2.5 MoO3/Ti0: catalyst at 225°C during a) CH30H/O2/N2/Ar/He
- CD30D/O2/N2/Ar transition; b) CD30D/O2/N2/Ar - CH30H/O2/N2/Ar/He transition.

Summarizing the results of these experiments, the Tishchenko reaction can be ruled out for
Mo0O3/TiO; catalysts, and it remains unclear whether formates participate in the formation of
MEF. Moreover, the formate and hemiacetal pathways lead to the same deuteration pattern in
MF, resulting in HCOOCD:;. The slower formation of DCOOCH3 compared to HCOOCD:
lies in the kinetic isotope effect operating during the first and second dehydrogenation steps
of methoxy group, both associated with the redox site. Furthermore, it remains to be clarified
the role titania plays in the selectivity of MF on the 2.5 MoOs3/TiO: catalyst.

Figures [-7 and I-8 present complementary views of the transient responses at 225°C for the
2.5 MoOj3 catalysts during CH3;0H + O2 - N2 - CD30D - O, - CH3OH sequence. While
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Fig. I-7 displays the gas—phase evolution of MF and its isotopologues for each individual
transition, Fig. [-8 provides the continuous IR history of surface intermediates throughout
the experiment, each panel showing each individual step (Fig 6.b, ¢, d and e). The main
changes are observed in the first minutes of each panel. During the CH3;0H + Oz - N step
(Fig. I-7.a), the HCOOCH; signal in the gas phase decreases upon replacing CH30H + O»
with No, in line with the simultaneous consumption of H-methoxy surfaces bands (2830, 2925
and 2940 cm™!, Fig. I-8.a and b). While the H-methoxy species are consumed, H-formate-
related bands (1381 and 1550 cm™) rise on the surface during the purge step. When the feed
is switched to CD30D (Fig. I-7.b), the HCOOCD:3 signal appeared in the gas phase together
with the gradual formation of DCOOCD;3, while in Fig. I-8.c shows the consumption of H-
formates species formed in the previous step, accompanied by the increase of D-methoxy
species bands (2064, 2122, 2188 and 2230 cm™). In Fig. I-7.c, corresponding to the CD30D
- O3 step, DCOOCD3 reaches a maximum in its production and subsequently decreases due
to the absence of CD30OD in the feed. In parallel and similar to what is observed in the purge
step, Fig. [-8.c and [-8.d, shows the consumption of D-methoxy bands together with growth
of D-formates related bands (1327 and 1525 cm™) under oxidation conditions. Finally, during
the last step of this experiment, the switch from O> to CH3OH (Fig. I-7.d), DCOOCH3 is
observed as the predominant product, reaching a maximum before decreasing, while in
parallel, HCOOCH;3 forms steadily throughout the step. Correspondingly, Fig. I-8.e shows
the decline of D-formates species while the H-methoxy raise.

The behavior observed in the N2 - CD30D step (Fig. [-7.b) is essentially the same as during
the CH30H - CDsOD transition (Fig. [-3.a): following the decrease of HCOOCH3, the
1sotopologues of MF appear in the sequence HCOOCD; and then DCOOCD3. The main
difference, however, is that during the CH30H + O> - N> - CD3OD transition, surface
formates are clearly detected, and once upon CD30OD is introduced in the cell, the formate-
related bands (1381 and 1550 cm™) are consumed.

Otherwise, during O - CH30H step (Fig. I-7.d), a markedly different behavior is observed
compared to the CD30D - CH30H sequence (Fig. 1-3.b), since in this case DCOOCH3 is
detected predominantly, rather than HCOOCD; or HCOOCH;. The main reason is that
during CD3;0D - CH30H transition, the surface becomes saturated with D-methoxy species
due to the kinetic isotope effect discussed previously. Under these conditions, any DCOO*
species that could be formed would either have a short lifetime or exist in very low amounts
on the surface. In contrast, during CD3;0D - O2 - CH3;OH sequence, the formation of
DCOO* becomes possible because the CD3;0D (CD30%*) is extensively oxidized to DCOO*.
This intermediate is sufficiently stable to remain on the surface and is only consumed upon
the subsequent introduction of CH3OH.
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From the above discussion, it is reasonable to conclude that the 2.5 MoOs3 catalyst can both
generate and stabilize surface formates, which then act as intermediates in the formation of
MF via formate pathway. This interpretation is further supported by Figures [-8.d and I-8.e,
which exhibit a similar behavior under comparable conditions for CH;OH and DCOO*.

In line with the above, an important observation arises from the comparison between Fig. -
7.b and 7.d. Although the products differ due to the use of CD30OD vs CH30H, their overall
behavior is similar. This suggests that, under both previous conditions (purge and oxidation
step, respectively), the catalyst surface was already saturated with formate species.
Consistently, in the previous experiment at 225°C with the 2.5 MoOs catalyst (Fig. A. I-1),
during the CD30D - CH3OH transition, the alcohol-rich environment (together with the
kinetic isotope effect) favored the formation of DMM over MF. This implies that the
formation of DCDO and its subsequent conversion to formates is slower than the formation
of the formaldehyde — methanol complex leading to DMM. Therefore, in the absence of
methanol in the gas phase during CD30OD - O2 - CH3O0H transition, DCDO proceeds to
form DCOO* until surface methoxy groups are depleted. As a consequence, DMM formation
starts from zero, since not partially deuterated DMM molecules are detected, only fully
hydrogenated or fully deuterated ones even 175°C (Figure A.I-4). Any mixed isotopologues
that might form are only detected after the accumulation of fully H- or D-DMM and can thus
be considered irrelevant in the mechanism.
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Figure I-7 Normalized MS signal for hydrogenated methyl formate (HCOOCH3, H-MF)
and its partially (HCOOCD3; DCOOCH3) and fully deuterated (DCOOCD3, D-MF)
homologues during the transition a) CH30H + O2 — N»; b) N2» — CD30D; ¢) CD30D — Og;
d) O — CH30H at 225°C for the 2.5 MoO3 catalyst.
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Figure I-8 Normalized IR signal of the evolution of the different intermediates on the surface
(H-methoxy bands: 2830, 2925 and 2940 cm™'; H-formate bands: 1381 and 1545 cm™ ; D-
methoxy bands: 2064, 2122, 2188 and 2230 cm™! ; D-formate bands: 1327 and 1525 cm™ )
of the 2.5 MoQs catalyst at 225 °C during each step: a) CH30OH + O2; b) N2; ¢) CD3;0D; d)
0O; ¢) CH30H.

Figures [-9 and I-10 illustrate complementary views of the CH30H + O2 - N, - CD;0OD
- 02 - CH30H sequence for the 15 MoO;s catalyst at 225°C. As in the case of the 2.5 MoOs3
catalyst, Fig. -9 corresponds to the gas — phase evolution of MF and its isotopologues, while
Fig. [-10 shows the surface intermediates throughout the experiment.

Overall, the transient behavior resembles that observed for 2.5 MoOs (Fig. I-7 and I-8).
However, the main distinction is that for 15 MoOs3 the products are dominated, during the
key transitions (Fig. [-9.b and d), by either fully hydrogenated or deuterated MF. HCOOCD3
and DCOOCH;3 are detected in much lower proportions, becoming detectable after the
apparition of HCOOCH3 or DCOOCD:. Likewise, Fig. I-10.b and d reveal that, in contrast
to 2.5 MoOs, no detectable HCOO* or DCOO* accumulate on the catalyst surface when
methoxy species are consumed during the purge or oxidation step. Aside from these
differences, the behavior of HCOOCHs and DCOOCDs (Fig. [-9), together with the
depletion and reformation of H- and D- methoxy surface species (Fig. 1-10), follows the
same trends observed in Fig. [-7 and [-8, remaining consistent with the reintroduction of
methanol into the feed.

The explanation of the behavior described above lies in the different ability of the 15 MoOs
catalyst to generate and stabilize surface formates comparing 2.5 MoOs. As shown in Fig. I-
10.b and d methoxy species were consumed without forming detectable formates on the 15
sample, whereas in the case of 2.5 MoOs3 (Fig. [-8.b and d) formates were observed. These
methoxy species should be consumed to produce HCHO, consistent with the high selectivity
of this catalyst toward that product. Consequently, during the purge and oxidation steps, the
surface was effectively cleaned from adsorbed species. As a result, when CD30D or CH3;0H
was subsequently fed, the reaction starts form a clean surface, producing MF from scratch.
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This outcome is not biased by temperature. Figure A.I-5 shows the CH3;0H + O, — N —
CD30OD transition for both 2.5 and 15 MoOs catalyst at 175°C. It can be seen that the
maximum MF formation occurs at different moments feed compositions. For the 2.5 MoO3
catalyst, the maximum corresponds to HCOOCD3 during the CD30OD feed step, whereas for
15 MoO3, the maximum appears during the reaction stage associated with HCOOCHs. It is
worth noting that in the latter catalyst HCOOCD3 is also detected at 175°C, although in
significantly lower amounts. This observation is consistent with the presence of surface
formates evidenced in Fig. [-2; however, their quantity is expected to be minimal given the
highly crystalline nature of the catalyst. Therefore, these findings also demonstrate that the
main intermediate leading to MF are inherently unstable on the surface of 15 MoO3 and
differs from that on 2.5 MoOs.
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Figure I-9 Normalized MS signal for hydrogenated methyl formate (HCOOCH3, H-MF)
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Recapitulating, the oxidative dehydrogenation of methanol was studied on two catalysts with
clearly different structures?’. The experimental evidence indicated that the predominant
methyl formate pathway on the crystalline catalyst with large domain size (15 atoms Mo/nm?)
is related to the hemiacetal route. This is supported by the formation of a partially deuterated
product (HCOOCD3) during the CH30H - CD3;0D transition, which is associated with this
mechanism. A second piece of evidence comes from the CH3OH + Oz - N transition, where,
after the surface purge with N», no methoxy or formate species were detected. When CD3;0OD
was subsequently introduced, the reaction started from zero. This suggests that the catalyst
neither strongly adsorbs intermediates nor stabilizes them over time. Such behavior is
consistent with the hemiacetal intermediate, which is known to be unstable®’. It is worth
noting that this catalyst is highly selective toward formaldehyde, likely due to the facilitated
desorption promoted by the proximity of its Mo-O-Mo active sites*’.

In contrast, the catalyst with a smaller domain size (2.5 atoms Mo/nm?), which presents an
oligomeric molybdenum structure along with exposed titania®’, also shows the formation of
HCOOCD3 during the CH30OH - CD;OD transition. Moreover, during the CH;OH + O -
N transition, the surface becomes filled with active formates that effectively participate in
the formation of MF.

Does this evidence rule out the hemiacetal pathway for 2.5 MoOs catalyst? Not necessarily.
Titania alone cannot perform oxidative dehydrogenation’; the presence of another metal
with a higher redox capacity, such as molybdenum or vanadium, is required. When
molybdenum is supported on titania, in addition to redox sites, Bronsted acid sites are also
introduced*!, and it is on these acidic sites that the hemiacetal intermediate can
form'%?4232729:39 Therefore, based on these observations and statements, both mechanisms
appear to be plausible.

First of all, during all CH3;0H + O2 - N2 - CD30D - Oz - CH3;0H transitions, it was
observed that the surface intermediates (methoxy and formates species) are stable during all
the experiment on 2.5 MoQOs catalyst, and more notably during the purge or oxidation process
at 225°C. On the other hand, this catalyst is not as selective to formaldehyde as DMM or MF.
Therefore, it is possible to assume that the role of titanium oxide in this catalyst is to stabilize
the intermediates on the surface, starting with formaldehyde.

So, how is the FA adsorbed on the surface? According to studies that investigated the
adsorption of formaldehyde using IR spectroscopy, its most stable adsorbed form is
dioxymethylene!”#>*3, Busca!” indicates that formaldehyde adsorbs on ionic metal oxides,
as well as on titania, mostly in the form of dioxymethylene species. It is also reported that on
unsupported vanadium surface, when formaldehyde is adsorbed and the temperature raised
from room temperature, the detected dioxymethylene species desorb. However, when the
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surface is vanadium — titania, dioxymethylene undergoes dehydrogenation to form adsorbed
formate species. This behavior could also be consistent with that observed on 2.5 MoO3/TiO>
catalysts, suggesting that a similar pathway may operate under the studied conditions.

This raises the question: is this effect solely due to titania, or is it result of a combined
interaction between titanium and oligomeric molybdenum? As mentioned above, this
reaction does not occur over titania alone. Although molybdenum oxide is known for its high
formaldehyde yield, it alone cannot account for the site where the dioxymethylene — formate
pathway takes place.

Wachs et al.!%* reported that, at interfacial sites on the oxide metallic catalysts, the specific
catalytic activity on different oxide supports does not stem from a structural effect, monomer
vs polymer, but rather from a ligand effect imposed by the different support cations. This
ligand effect governs the catalytic activity, which in turn modulates the reactivity of the
surface molybdenum oxide overlayer. Ultimately, the reducibility of the bridging Mo—O—
support bond determines the reaction rate during methanol oxidation®’.

Under that premise, it is feasible to assume that in the 2.5 MoOs catalyst, being under the
theoretical monolayer, a new redox site (Mo — O — Ti) emerges, exhibiting similar
characteristics to the classic redox site (Mo — O — Mo) previously reported!*. In both cases,
the rate — determining step occurs; however, this interfacial site could be responsible for
retaining formaldehyde long enough to enable its dehydrogenation into formate, thereby
altering the oxidative dehydrogenation pathway of methanol toward the production methyl
formate.

To validate this hypothesis, Figure I-11 presents kinetic experiments in which the partial
pressure of methanol varied at 225°C over the 2.5 and MoO3, while keeping both the total
flow and the O partial pressure constant. Experiments were carried out under conditions
where methanol conversion remained below 5%, thereby minimizing the equilibrium
associated with DMM formation.

Fig. I-11.a displays the DMM formation rate, which exhibits the same trend for both
catalysts, showing a quadratic increase with methanol partial pressure. Figure I-11.b
illustrates the MF formation rate, which reveals the most distinctive behavior. For the 15
MoQOs3 catalyst, MF formation increases nearly linearly with methanol partial pressure
(approximately 0.9). In contrast, for the 2.5 MoOs catalyst, the MF formation rate does not
follow either a linear or quadratic dependence on methanol pressure, instead suggesting a
fractional reaction apparent order (0.44) with respect to methanol.

Under the premise that the rate—determining step for both products is the initial
dehydrogenation of the methoxy group'**, that the 2.5 MoOs catalyst stabilizes surface

23



intermediates more strongly than 15 MoOj catalyst, and that distinct types of redox sites are
involved, the most plausible explanation for the observed behavior is that DMM are mainly
formed on Mo — O — Mo redox sites, whereas MF is produced on both Mo — O — Mo and Mo
— O — Ti redox sites.

On the one hand, DMM exhibits a similar dependence on methanol pressure for both
catalysts, and thus the same apparent reaction order, which suggests that its formation is
governed by the same kinetic regime. This behavior implies that the kinetic expressions are
dominated by a numerator proportional to methanol pressure squared, with no significant
influence of site saturation or competitive adsorption terms. Nevertheless, this apparent
second — order dependence can also be rationalized by considering the scenario proposed by
Galdames et al.*. In their work, they proposed a kinetic model involving a hemiacetal
intermediate and two types of active sites (redox and acid sites). The rate — determining step
for the formation of the three products (FA, MF and DMM) was identified as the first
dehydrogenation of methanol, which defined the numerator of each kinetic expression. The
denominator contains two terms that determine products selectivity, in addition to the site
balance. The first term models the selectivity between DMM and MF, arising from the
equilibrium between DMM and its intermediate that subsequently leads to MF. The second
term corresponds to the selectivity between the desorption of FA and the formation of
hemiacetal. Therefore, a denominator term could also contribute to increasing the apparent
reaction order for both products. This term would originate from the competition experienced
by surface formaldehyde species between desorption as a product or further transformation
into intermediates leading to DMM or MF. As illustrated in Scheme 1, FA acts as a key
precursor for the formation of DMM and MF in any of the proposed mechanistic pathways.

On the other hand, MF displays a markedly different behavior between the two catalysts. The
fractional apparent order observed for 2.5 MoOs suggests that, in this case, the site — balance
requires explicit consideration of surface intermediates. Under such conditions, the
microkinetic expressions derived from the elementary steps naturally introduce methanol
pressure—dependent terms in the denominator. In contrast, for the 15 MoOs3 catalyst, the
assumption of a lower coverage of intermediates leads to a denominator close to unity,
resulting in a nearly linear dependence on methanol pressure.

This difference supports the site—balance hypothesis discussed earlier and reinforces the

notion that two distinct types of redox sites participate in the partial oxidation of methanol
over MoO3/TiO; catalysts.
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Figure I-11 Effect of methanol partial pressure on products formation rates at 225°C over
2.5 MoOs (black) and 15 MoOs (blue) catalysts. Reaction conditions: Po; = 9 kPa, Pa, = 10
kPa, N balance, total flow = 60 ml/min, catalyst mass: 2.5 MoO3 = 50 mg and 15 MoO3 =
20 mg. a) Dimethoxymethane formation rate and b) Methyl formate formation rate.

Building on the kinetics trends observed for DMM and MF, and considering the insights
gained from the transient and isotopic labeling experiments, the distinct roles of Mo — O —
Mo and Mo — O — Ti sites in governing the reaction pathways can be elucidated. While Mo
— O — Mo redox sites lead to DMM and MF formation following the hemiacetal pathway, the
interfacial Mo — O — Ti redox sites steer methanol oxidation toward MF through the formate
— based mechanism. This interpretation not only rationalizes the distinct kinetics
dependencies observed between the 2.5 and 15 MoOs catalysts but also provides a coherent
framework to understand the influence of surface intermediates and kinetic isotope effects
on products distribution.

By questioning mechanistic hypotheses from the literature through Operando spectroscopic
and isotopic transient experiments under controlled conditions, and by correlating structural
features with product distribution, this study clarifies the role of titania in methyl formate
formation and integrates the proposed mechanism into a coherent reaction scheme. Catalysts
that contain oligomeric Mo oxide and exposed TiO: stabilize surface intermediates and, via
interfacial Mo — O — Ti redox sites, promote methyl formate formation through the formate
pathway. In contrast, catalysts that present predominantly crystalline domains, Mo — O — Mo,
produce methyl formate predominantly via the hemiacetal route. Over these latter catalysts,
IR monitoring indicates that surface intermediates do not accumulate significantly, reflecting
the intrinsic instability of the hemiacetal intermediate, which prevents its accumulation and
causes the reaction to restart essentially from zero upon methanol reintroduction.

Transient and isotopic labeling experiments quantitatively rule out methoxy exchange and,
in parallel, the Tishchenko route under our conditions. The consistent formation of
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HCOOCD3 during CD;OD - CH3OH transition supports the kinetic relevance of both
hemiacetal and formate intermediates. A kinetic isotope effect explains the observed
predominance of HCOOCD3 and, together with differences in intermediate stabilization and
site balance, accounts for the distinct apparent reaction orders and selectivity trends.

Altogether, these results provide a unified mechanistic picture linking MoOs structure, the
nature of redox sites, intermediate stabilization, and isotopic kinetics, establishing a solid
reference framework for comparison with other redox systems (particularly V>0s/TiOz)
examined in the following chapter.

26



Chapter II: Characterization and mechanistic investigation of active sites in methanol
oxidation over vanadium catalysts using transient Operando - DRIFTS

Upon obtaining transient results with MoQO3/TiO; catalysts, a natural question arose: are these
findings reproducible in other catalysts, such as vanadium—based ones, which have been
extensively studied in the oxidative dehydrogenation of methanol and from the basis of most
mechanistic studies?

These vanadium oxide catalysts also marked the starting point of this line of research in
CarboCat, prior to the transition toward molybdenum—based catalysts. To address this
question, additional materials were designed and characterized using techniques capable of
identifying the different types of bonds present in the active sites, allowing for the evaluation
of reproducibility and a deeper understanding of the reaction mechanisms.

The section concludes with the presentation of the answer to the question posed, alongside
the corresponding analysis and its implications, illustrating how the results contribute to a
more comprehensive view of the processes under study.

I1. 1. Experimental
11.1.1. Catalysts preparation

Three V20s/TiO> catalysts with different vanadium loadings (2.5, 15 and 25 atom V nm >
theorical) were synthesized by wet impregnation following the procedure reported by
Santander et al**. Ammonium metavanadate (NH4VO3) and oxalic acid (in a 1:2 molar ratio)
were used as vanadium precursors to enhance metal dispersion over the TiO> support. The
resulting solids were dried and calcined at 500 °C for 4 h.

11.1.2. Catalysts Characterization

The crystalline structure of the catalysts was examined by X-ray diffraction (XRD) using an
X-ray diffractometer Bruker D4 Endeavor (Billerica, USA) equipped with a solid-state
detector (LynxEye) using Cu Ka radiation (A = 0.154 nm).

Textural properties were determined from N> adsorption—desorption isotherms at 77 K using
a Gemini VII Surface Area Analyzer Micromeritics (Georgia, USA). Prior to the
experiments, the samples were degassed at 300 °C under N> flow (Airliquide 99.999 %).
Surface area was calculated from the BET equation.

The redox behavior of the catalysts was investigated by temperature — programmed reduction
with hydrogen (H2-TPR), providing insight into the reducibility of vanadium species and
their interaction with the TiO» support. Measurements were carried out in a ChemBet 3000
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Pulsar TPR/TPD (Quantachrome), heating under a diluted Ho/Ar (9.94% vol. H, Linde) flow
up to 800 °C at 5 °C min™', while monitoring H> consumption with a thermal conductivity
detector (TCD).

The surface exposure of TiO, was further quantified through methanol adsorption
experiments following the methodology of Broomhead et al**. These tests were conducted in
a fixed-bed reactor at 150 °C under a 0.1% methanol stream (60 ml min™"), conditions that
suppress methanol oxidation and ensure surface-limited adsorption. Given that methanol
adsorption occurs predominantly on TiO, Lewis acid sites, the vanadia contribution was
considered negligible. The amount of adsorbed methanol, referenced to pure TiO2, was used
to estimate the fraction of exposed TiO; in each catalyst.

11.1.3. Catalytic activity measurements

Kinetic measurements of the V;0s5/TiO; catalysts were performed following the same
procedure described in Chapter 1 for MoO3/Ti0z. Briefly, the catalysts were tested in a fixed-
bed reactor under identical conditions, with the catalyst diluted in quartz sand to prevent heat
and mass transfer limitations. Pretreatment, reactant flows, and CH3OH/O, ratios were
identical to those previously described. Unlike the Mo-based experiments, the concentration
of reactants and reaction products was monitored exclusively by a Extorr XT-100 residual
gas analyzer (RGA), instead of the SRI 8610C gas chromatograph used previously.

11.1.4. Operando — DRIFTS

Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments
were conducted as in Chapter 1, using the same reactor cell, spectrometer configuration, gas
flows, and experimental sequences—including isotopic experiments with CH3OH and
CD3;OD—applied to the V205/TiO; catalysts.

By applying identical experimental protocols, with only the detection method updated, the
catalytic behavior of V20s5/Ti10: can be directly compared to that of MoO3/TiO», allowing for
a consistent evaluation of the influence of the metal oxide identity on methanol oxidation and
surface intermediates.
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I1. 2. Results and Discussion

11.2.1 Characterization

Figure II-1 shows the XRD patterns of the 2.5, 15 and 25 V20s/TiO> catalysts, with the
corresponding crystallographic planes of vanadium pentoxide indicated for the 25 V,0s
sample®®. No crystalline vanadium phases were detectable for 2.5 and 15 V20s, whereas 25
V205 displays well-defined peaks corresponding to crystalline V20Os, with the most intense
reflection assigned to the (110) plane.

The absence of detectable vanadium crystallinity in 15 V2Os catalyst does not exclude the
presence of nanocrystalline domains. Previous reports indicate that vanadium surface density
around 15 V/nm? typically corresponds to partially crystalline structures'>**3%4¢ and the lack
of XRD peaks likely arises from crystallite sizes below the detection limit of the technique
(~5 nm).
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Figure II-1 XRD patterns of V205/Ti02 as a function of vanadium surface density. Circles
(®) correspond to anatase phase of TiO,, while stars (%) correspond to diffraction peaks
attributed to vanadium phases on V»Os crystals.

N> physisorption measurements (BET) revealed a marked decrease in specific surface area
with increasing vanadium loading. The 2.5 V»0s catalyst exhibits 53 m*g, comparable to
that of bare TiO, whereas 15 V,0s decreased to 43 m?/g, and 25 V205 shows a drastic drop
to 8 m*g. These results suggest that higher vanadium loadings promote particle aggregation
and/or extensive surface coverage of TiO», thereby reducing the accessible surface area and
potentially influencing catalytic performance.
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Figure II-2 presents the Ho-TPR profiles of the three V20s/TiO> catalysts. A clear shift of
the reduction peaks toward higher temperatures is observed with increasing vanadium
loading: 2.5 V»0Os exhibits a maximum at 440 °C, 15 V20s at 450 °C, while 25 V20s displays
two distinct reductions peaks at 520 °C and 610 °C. In contrast, the onset of reduction follows
the opposite trend, occurring at approximately 330 °C for 2.5 V205, 260 °C for 25 V205 and
as low as 215 °C for 15 V0s.

These features indicate that crystalline vanadium species are more difficult to reduce than
dispersed monomeric ones, in line with previous reports by Besselmann et al*’. The
appearance of two reduction peaks for 25 V»0Os, reflects the presence of multiple reducible
vanadium environments associated with higher vanadium loadings, as also described by
Briand et al*®,

The lower reduction onset temperature observed for 15 V2Os suggests a higher proportion of
labile surface oxygen species and enhanced redox activity at mild temperatures®. In contrast,
although 2.5 V»0s reduces at higher temperatures, it undergoes more extensive reduction at
intermediate temperature than 25 V,0s, indicating a greater overall reducibility of dispersed
VO species compared to bulk — like crystalline V,0s.

TCD signal (a.u)

T T T T T T T T T T T
200 300 400 500 600 700
Temperature (°C)

Figure I1-2 H»-temperature programmed reduction for all supported V>Os/Ti0; catalysts.

By integrating the area under the reduction profiles, the molar ratio of H> consumed to
vanadium was determined for each catalyst. In a complete reduction process, vanadium in
V105 is expected to undergo a two — electron transition from V>* to V**, corresponding to a
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theoretical Hy/V ratio of 2:1°°. The 25 V,0s sample approaches this theoretical value
expected for complete reduction, 2.0; while 2.5 and 15 V205 exhibit higher Ho/V ratios of
4.0 and 2.4, respectively. These deviations indicate additional reduction pathways beyond
the stoichiometric vanadium reduction.

Such behavior is consistent with Mars—Van Krevelen mechanisms®*°!, in which partial
reduction of the TiO» support regenerates vanadium through V-O-Ti linkages. Accordingly,
the 2.5 V,0s catalyst likely contains a high fraction of dispersed surface V-O-Ti species,
allowing each vanadium atom to undergo two reductions. The first reduction step involves
the removal of interfacial oxygen, either those directly bonded to vanadium or belonging to
the vanadia layer itself. The second reduction arises from lattice oxygens of titania, which
migrate to refill the oxygen vacancy generated on the metal center?*,

The intermediate ratio of 15 V205 suggests a mixed contribution of V-O-Ti and V-O-V
environments, whereas the near — stoichiometric ratio of 25 V,0Os reflects a predominance of
crystalline V-O—V domains. These observations are fully consistent with the XRD results,
which indicate increasing crystallinity with vanadium loading.

Figure II-3 presents the methanol adsorption profiles obtained for TiO and the V20s/TiO>
catalysts with increasing vanadium loading. In these experiments, methanol was first passed
through a bypass line until a steady—state signal was achieved; at t = 0, the flow was redirect
through the catalyst bed via a three — way valve, initiating the adsorption process. A
pronounced drop in the methanol signal is observed immediately after the switch,
corresponding to surface adsorption. The magnitude of this drop (highlighted by the
segmented baseline) decreases markedly with increasing vanadium content: TiO; exhibits
the largest adsorption capacity, followed by 2.5, 15 and finally 25 V,0s, which shows only
minimal adsorption.

Integration of the adsorption profiles, following the methodology proposed by Broomhead et
al.,** allowed quantification of methanol uptake and estimation of the exposed TiO> surface
area. Relative to bare Ti0O2, methanol adsorption decreases by approximately 20%, 70%, and
95% for 2.5, 15, and 25 V05, respectively. These results confirm that methanol adsorption
occurs predominantly on TiO> and that higher vanadium domains progressively block these
sites, in agreement with XRD and BET analyses.
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Figure II-3 Methanol adsorption profiles of TiO2 and V20s5/Ti0O; catalysts.

Because the extent of methanol adsorption is directly related to the fraction of exposed TiO-
surface, it is relevant to consider how VOx domain structure evolves with loading. Scheme
II-1 and Table II-1 provide a schematic overview of the different VOx structures supported
on titania, highlighting the types of lattice oxygen associated with each configuration per
exposed V°* site, based on the work of Broomhead et al>*. As shown in this Scheme, VOx
domains contain three types of lattice oxygen (O' — O™") defined by their coordination: O' as
V-O-Ti interfacial bridges, O" as V-O-V bridges, and O™ as terminal V=0 groups. Their
relative abundance varies with domain size: isolated monovanadates are richer in O,
polyvanadates incorporate all three oxygen types with increasing O as domains grow, and
multilayer structures resemble crystalline V>0s surfaces dominated by O" and lacking
surface accessible O'. This structural evolution, from monomeric to polymeric and multilayer
VOx species, has been consistently identified through Raman spectroscopy, X—ray adsorption

and HR — TEM?*,
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Scheme II-1 Schematic illustration of the dispersed VOx monomer, polymer and crystalline
moieties on TiOz and their active oxygen atoms O' (V-O-Ti), O (V-O-V) and O™ (V=0)
per exposed V> cation?.

Table 11-1 Coordinated oxygen per exposed V>,

Monomer Polymer Crystalline
o' 3 1 0
o 0 2-4 5
om 1 1 0.5

The quantitative analysis of methanol adsorption provides an estimate of the exposed TiO:
surface, which in turn enables calculation of the surface density of VOx species (Table 1I-2).
When interpreted in the context of the structural motifs summarized in Scheme II-1, the
calculated VOx densities reveal clear structural differences among the catalysts. These
differences in domain size also imply distinct distributions of O, O', and O'! lattice oxygen,
consistent with the trends expected for isolated, polymeric, and multilayer VOx structures
and in line with the TPR—H> results. The full derivation of the quantitative calculations,
specifically, those used to obtain VOx structures densities and the corresponding active
oxygen atoms densities, is provided in Appendix A. II-3.

The 2.5 V,0s catalyst exhibits predominantly monomeric vanadium species (3.2 VOx/nm?)
consistent with an extensive presence of V—O-Ti linkages and high surface exposed of
titania. In contrast, 15 V205 catalyst exhibits mainly crystalline domains (=0.6 VOx/nm?
polymeric and 0 VOx/nm? monomeric), indicating partial aggregation of vanadium species
into sub—nanometric crystallites. Finally, 25 V,0s catalyst is fully crystalline, with high
crystal density and negligible V-O—Ti contributions, consistent with its low methanol uptake
and near-stoichiometric H> consumption in TPR.
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Analysis of lattice oxygen densities (O!, O, O™ further supports this structural evolution.
Monomeric VOyx species are enriched in interfacial O' oxygens, whereas polymeric VOx
species exhibit a mixed O'— O'! distribution, and crystalline VOx contains mostly O oxygen.
Table 11-2 shows a pronounced decrease in O with increasing vanadium loading and a sharp
rise in O between 15 and 25 V,0s, reflecting crystal growth and the onset of XRD detectable
phases.

Table II-2 Quantitative results of methanol adsorption, exposed TiO; surface, and calculated

surface densities of VO species and lattice oxygens for V,0s5/TiO> catalysts.

Adsorbed Exposgd Monomer | Polymer Crystal Ps_ol Ps_oll Ps_olll
Catalysts | CH30H sugglflii(:al density density density | (Of oy o'ty

(umol/g) %) (VOx/nm?) | (VOy/nm?) | (VOx/nm?) | / nm?) nm?) nm?)
TiO, 2500 100 - - - - - -
2.5 V20s 2000 80 3.22 0.62 0 10.3 2.4 3.8
15 V205 790 31 0 0.6 11.1 0.6 58 6
25 V»0s 130 5 0 0 116 0 577 58

Collectively, methanol adsorption, TPR-H>, and oxygen density analyses provide consistent
evidence of the progressive structure evolution of vanadium oxide species: 2.5 V20s is
primarily monomeric with localized polymeric domains; 15 V205 exhibits a partially
crystalline structure (< 5 nm crystallites); and 25 V20s is fully crystalline.

11.2.2 Catalytic activity

Figure 114 displays the catalytic activity of 2.5, 15 and 25 V20s/Ti0: catalysts as function
of temperature, obtained from fixed—bed reactor experiments.

Fig. II-4.a shows methanol conversion, where 2.5 and 15 V,0s exhibit an increase in activity
with vanadium loading, consistent with literature reports'>2**°. However, the 25 V,Os
catalyst shows a significant decrease in conversion, which can be associated with its lower
surface area and the predominance of bulk V>Os domains. The higher activity of the 15 V205
catalyst agrees well with its higher reducibility observed in TPR—H> experiments (Figure 11—
2), while the poorer performance of 25 V05 demonstrate its limited redox capacity.

Fig 1I-4.b—d presents the yields of FA, DMM and MF as a function of temperature,
respectively. The 15 V20s catalyst exhibits the highest yields of MF and DMM, confirming
its superior redox and acid balance. Notably, DMM formation peaks appear at a lower
temperature than for the other samples, indicating higher activity at mild conditions. In
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contrast, this catalyst produces the lowest yield of FA among the three samples. The 2.5 V205
catalyst displays intermediate yields, following a similar trend to 15 V20s, but with lower
overall performance, suggesting that it does not yet reach the optimal vanadium loading. On
the other hand, the 25 V»Os catalyst presents the opposite behavior: it shows the lowest DMM
and MF yields and the highest FA yield. The decrease in DMM yield at mild temperatures is
attributed to the equilibrium of its formation, while the decline in MF and FA yields results
from the onset of complete oxidation pathways, leading to the formation of CO and CO».

Based on these results, the lower DMM and MF yields observed for 25 V205 can be attributed
to the close proximity of V20s clusters, a direct consequence of its reduced surface area. This
structural arrangement promotes the rapid desorption of FA from the surface, preventing its
subsequent transformation into DMM and MF. As discussed in chapter 1, formaldehyde acts
as a key intermediate in the formation of both products, and its premature desorption
interrupts the reaction sequence. Therefore, these findings reinforce the notion that FA
competes between desorption and further surface reaction, rather than participating through
a gas—phase mechanism. This evidence (now obtained on vanadium-based catalysts) further
supports that the conversion of FA into DMM and MF occurs predominantly through
adsorbed surface intermediates, highlighting the need to include a kinetic term that accounts
for this mechanistic competition, which may increase or decrease the apparent order reaction
of the products.

On the other hand, the 2.5 and 15 V05 catalyst presents similar trends in the yields of
methanol partial oxidation products, suggesting that their differences are primarily structural
rather than mechanistic. Nevertheless, comparisons with the MoO3/TiO; catalysts discussed
in Chapter 1 reveal an important distinction, the transition from oligomeric to crystalline
structures led to marked differences in product distribution associated with mechanistic
changes. For V,0s/Ti0; catalysts, however, the product trends remain consistent between
these loadings, implying that while both materials share similar surface intermediates, the
mechanism of methanol oxidation over vanadia likely proceeds through a single dominant
pathway modulated by structural effects rather than a fundamental mechanistic shift. This
observation suggests that the vanadium redox centers remain catalytically active throughout
the loading range, but their spatial distribution and local environment determine the relative
selectivity toward FA, MF and DMM.
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Figure I1-4 a) Conversion and yield of b) FA, c) DMM and d) MF for the V,0s5/TiO2 samples
(black for 2.5 V20s, red for 15 V05 and blue for 25 V»0s) as a function of temperature
(GHSV =19 L h™! gea !, CH30H/O2/Ar/N> (feed) = 4/9/10/77 %v/v).

Although these steady—state results suggest a structurally modulated yet mechanistically
uniform behavior, they also raise fundamental questions about the nature of the active sites,
and the participation of the different surface oxygen species present in the catalyst. The
apparent continuity in product distribution with increasing vanadium loading could conceal
subtle differences in the dynamics of intermediate formation and transformation. To unravel
these aspects, transient and isotopic experiments become essential tools to directly probe the
reactivity of surface species and the involvement of lattice oxygen in the redox cycle. The
following section addresses these questions, aiming to determine whether the methanol
oxidation mechanism over vanadia truly follows a single pathway or if distinct kinetic
regimes emerge under dynamic conditions.
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Figure II — 5 and II — 6 show the transient experiments at 225°C when alternating the feed
between CH30H and CD3;OD, over the 2.5 and 15 V20s/TiO> catalysts, emphasizing the
evolution of methyl formate and its isotopologues. Upon switching from hydrogenated to
deuterated methanol (H - D transition, Fig. Il — 5a and 6a), a rapid decrease in the signal
corresponding to fully hydrogenated methyl formate (HCOOCH3, H-MF) is observed
immediately after the helium drop. Shortly thereafter, the predominant isotopologue formed
is methyl formate containing a deuterated methoxy group (HCOOCD3). Toward the end of
the transition, the signal of fully deuterated methyl formate (DCOOCD3, D-MF) appears.

This behavior resembles that observed during the same transition over the MoQO3/TiO>
catalysts, shown in Figure [-3a and [-4a of Chapter 1. As previously discussed, the formation
of the HCOOCD:s is consistent with the reaction pathway involving HCOO* or CH;0CH2OH
intermediates. Conversely, the isotopologue associated with the Tishchenko reaction,
HCOOCHD:, was not detected in these catalysts either. Therefore, the Tishchenko pathway
can be ruled out as a significant pathway for MF formation in both metal oxide systems,
which display analogous isotopic behavior.

On the other hand, Figure II — 5b and II — 6b show the CD30D - CH3OH transition. Upon
replacing CD3;OD with CH3OH in the feed, the helium signal rises sharply and
simultaneously, the signal corresponding to DCOOCD; decreases, while a few seconds later,
the fully hydrogenated MF begins to increase. Between these two extremes, partially
hydrogenated species emerge, and it is in this region where the main differences between the
catalysts become evident.

For the 2.5 V»0s catalyst, DCOOCH; remains the dominant species throughout the transition,
indicating a product distribution consistent with the formate or hemiacetal mechanism. Also,
the distribution and the behavior of the MF isotopologues is similar that observed during both
transition (Figure II — 5a and 5b). In contrast, the 15 V,0s catalyst exhibits a clear
predominance of HCOOCDs3, deviating the expected isotopic progression. Although
DCOOCH:; is also formed, its intensity remains noticeably lower than that of HCOOCD:.
This inversion indicates the participation of an isotopic effect, as previously described and
discussed in Chapter 1.

The evidence supporting the presence of an isotopic effect in the 15 V»Os catalyst lies in the
markedly higher intensity of the HCOOCD;3 signal during the D - H transition compared to
that observed in the reverse H - D transition. As discussed in Chapter 1, the more favorable
dehydrogenation of the C—H bond relative to C—D allows hydrogenated methanol to react
with deuterated methoxy groups that remained adsorbed on the surface, resulting in a
pronounced formation of HCOOCD:. Interestingly, the intensity of the HCOOCDs3 signal
detected during the H = D transition is similar to that of DCOOCH3 in the D - H transition,
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further demonstrating, from a complementary standpoint, the isotopic effect operating on this

catalyst.
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Figure II-5 MS signal of methyl formate (hydrogenated, partially, and fully deuterated) in
the CH30OH/O2/N2/Ar/He - CD30D/O2/Na2/Ar - CH30H/O2/N2/Ar/He transition at 225°C
for 2.5 V205 catalyst during a) CH3OH - CDs;OD transition; and b) CD3;0D - CH3OH

transition.
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Figure II-6 MS signal of methyl formate (hydrogenated, partially, and fully deuterated) in
the CH30H/O2/N2/Ar/He > CD30D/O2/No/Ar - CH30H/O2/No/Ar/He transition at 225°C
for 15 V705 catalyst during a) CH30H - CDs;OD transition; and b) CD;0D - CH3;OH

transition.
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Figure I11-7 and I1-8 display the evolution of the IR spectra during CH3OH/O2/N2/Ar/He -
CDs;0D/0O2/N2/Ar (a) and CD30D/O2/N2/Ar - CH30H/O2/N2/Ar/He (b) transitions for the
2.5 V205 and 15 V20Os catalysts respectively, focusing one the first two minutes after the feed
switch. The spectra in green represent the steady — state before the change, while those in
blue correspond to spectra recorded 2 minutes after switching. Three characteristic regions
can be distinguished: H-methoxy (2800 — 3000 cm™'), D-methoxy (2000 — 2300 cm™) and
formates species (1300 — 1600 cm™). In both transitions, the evolution of H- and D-methoxy
bands is remarkably clean.

In contrast to the MoO3/TiO: catalysts discussed in Chapter 1, where no surface formate
species were detected as steady state conditions, the V20s/TiO, materials clearly exhibit
bands attributable to surface formates under steady — state conditions. For the 2.5 V205
catalyst (Fig. II-7), these species show remarkable dynamic behavior, undergoing complete
isotopic exchange between hydrogenated and deuterated formates within approximately five
minutes. In the case of the 15 V20s catalyst (Fig. II-8), weak bands in the formate region can
also be distinguished; however, their low intensity and partial overlap with other species
make their assignment less conclusive, resembling the behavior previously observed for the
molybdenum — based catalysts.

b)
3 3
R &
[0] Q
o o
C C
(] ]
£ £
[o] o
1] 172
Qo Qo
< <
T T T \l T T T T T 1
3000 2800 2200 1600 3000 2800 2200 1600 1400 1200
Wavenumber (cm™') Wavenumber (cm™)

Figure II-7 IR spectra for 2.5 V20s5/Ti0; catalyst at 225°C during a) CH30OH/O2/N>/Ar/He
- CD30D/O2/N2/Ar transition; b) CD30D/O2/N2/Ar - CH30H/O2/N2/Ar/He transition.
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Figure I1-8 IR spectra for 15 V20s/Ti0: catalyst at 225°C during a) CH3OH/O2/N2/Ar/He
- CD30D/O2/N2/Ar transition; b) CD30D/0O2/N2/Ar - CH30H/O2/N2/Ar/He transition.

In line with the previous discussion, Figure II — 9 presents an operando analysis of the methyl
formate and its isotopologues detected by MS, along with their correlation to the temporal
evolution of the surface species identified by IR spectroscopy, both datasets normalized,
during the CH30H/O2/N2/Ar/He - CD30D/O2/N2/Ar transition.

Figure II-9a shows the decreases in the HCOOCH;3 signal along with the decline of the
hydrogenated methoxy (H-methoxy, 2925 cm™) and formate (H-formate, 1362 cm™) bands.
From this Figure, it is evident that the HCOOCHj3 signal drops sharply at the beginning of
the transition due to the valve switch, in contrast with the more gradual response of the
surface methoxy species. However, at a later stage, the HCOOCH3 profile exhibits a change
in slope, becoming comparable to that of the hydrogenated methoxy groups. Notably, the
decrease in hydrogenated formate species does not follow the same trend as that of
hydrogenated MF.

Figure II-9b displays the transient formation of the partially deuterated methyl formate
isotopologue (HCOOCD:3) and the evolution of the hydrogenated formate and deuterated
methoxy species (D-methoxy, 2064 cm™). In this case, it can be observed that the rise in the
formation of partially deuterated MF is slightly faster than the accumulation of CD3O*
species on the surface. At the same time, the decay of the hydrogenated formates occurs in
parallel with the decrease of HCOOCD3. Based on these observations, and in connection with
the results in Fig. [I-9a, it can be inferred that the MF formation mechanism on this catalyst
follows an Eley—Rideal pathway, involving the coupling of methanol with the key
intermediate — formate. The fact that the hydrogenated formates, unequivocally detected on
the surface, decay concurrently with the partially deuterated isotopologue provides
compelling evidence that MF is indeed formed through surface formates. Moreover, the
earlier decrease of CH30* species compared to that of the HCOO* suggests that a fraction
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of these methoxy groups undergo dehydrogenation to yield formates, passing through the
RDS in the process.

Figure I1I-9c depicts the formation of fully deuterated methyl formate (D-MF) and the
evolution of the deuterated methoxy and formate (D-formate, 1327 cm™). Similar to the
behavior observed in Fig. [I-9b, formates begin to accumulate on the surface in parallel with
the detection of D-MF. The fact that DCOOCD3 formation occurs simultaneously with the
build—up of surface formates, and after the accumulation of CD;O* species further confirms
that the kinetically relevant step involves the interconversion between methoxy and formate
intermediates, while the subsequent coupling with methanol proceeds rapidly once formates
are formed.

Consistent results were obtained from the reverse isotopic switch (CD3OD/O2/N2/Ar -
CH30H/O2/N2/Ar/He), whose full analysis is presented in Appendix A. II. 2 and reproduces
the same correlations between gas—phase MF isotopologues and surface intermediates
described in Fig. I1-9.
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Figure II-9 Operando IR-MS analysis during the CH3OH/O2/N2/Ar/He -
CDs0D/O2/Ny/Ar transition over the 2.5 V20s5/TiO: catalyst at 225°C. (a) HCOOCH3 and
the evolution of the IR surface species associated with its formation: hydrogenated methoxy
(2925 cm™) and formate (1362 cm™). (b) HCOOCD; and the evolution of the IR surface
species associated with its formation: deuterated methoxy (2064 cm™) and hydrogenated
formate (1362 cm™). (b) DCOOCD;5 and the evolution of the IR surface species associated
with its formation: deuterated methoxy (2064 cm™') and formate (1327 cm™).

Together, the results presented in Figure II-9, along with the temporal correspondence
between the MS and IR signal during both forward and reverse transitions, consistently
confirm that the formation of methyl formate over the 2.5 V,Os catalyst proceeds through
surface formate species. Once generated, these HCOO* rapidly react with the CH30H to
yield HCOOCH; and its isotopologues. This behavior suggests that the system reaches an
operational equilibrium between formate formation and consumption, demonstrating that
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under steady—state reaction conditions, these species are both stable and actively involved in
MF formation.

Regarding the 15 V,0s/Ti0; catalyst, as shown in Figure II-8, the detection of surface
formates in the analyzed spectral regions exhibits a slight shift; however, the band intensity
is not sufficiently strong to enable an operando analysis comparable to that performed for
the 2.5 V05 catalysts. Nevertheless, considering that the 15 V2Os catalyst showed the highest
yield toward MF, two possibilities arise: first, that due to its higher activity, the formates
generated under steady—state conditions possess a very short lifetime on the surface; or
second, that the formation of MF in this sample proceeds predominantly through the
hemiacetal pathway. To discern which of these hypotheses applies, the same experimental
strategy developed in Chapter 1 will be employed. This approach, previously used to
elucidate the operative mechanism on molybdenum—based catalysts, where no surface
formates were detected under steady—state conditions, consists of transient experiments
designed to promote and track the potential formation of surface species. After reaching
steady—state reaction conditions, a purge step is carried out to remove methanol from the gas
phase, leaving the adsorbed species on the surface. Subsequently, deuterated methanol is
introduced (without oxygen in the feed), allowing the identification of the MF isotopologues
formed and, consequently, the determination of which surface intermediates participate in
their formation.

Figure 1I-10 shows the transient responses at 175°C for the 2.5 (II-10a) and 15 (II-10b)
V,05/Ti0: catalysts during CH3;0OH + O2 - N> - CDs;0D sequence (blue background for
the first step, red for the second and white for last step). During this transition, the normalized
gas—phase evolution of HCOOCH3 and HCOOCDs was analyzed to evaluate the behavior of
both catalysts. The HCOOCH; signal in the gas phase decreased upon replacing CH30H +
O, with N> in both samples, and when the feed was switched to CD3OD, the HCOOCD:3
signal appeared in the gas phase.

The main difference observed between the catalysts in this Figure lies in the maximum points
of MF production throughout the transition. For the 2.5 V»Os catalyst, the maximum MF
yield, through the partially deuterated product HCOOCD3, was reached upon introducing
deuterated methanol. It is noteworthy that the intensity of this maximum of MF, represented
by the HCOOCD:3 isotopologue during the CD3;OD step, is only slightly higher than the
steady—state production of HCOOCH;3 shown in Fig. II-10a. Considering the results of the
previous transient experiment, in which this catalyst was shown to produce MF
predominantly via the formate pathway, this modest increase suggests that, in addition to its
surface stability (as previously discussed), the formate intermediate attains a relatively high
surface coverage under these conditions.
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In contrast, the 15 V05 catalyst exhibited its maximum MF production under steady—state
conditions, displaying only a negligible HCOOCDj peak during the introduction of CD30D.
Given that the hemiacetal is an unstable surface intermediate, it cannot account for the
formation of partially deuterated MF. Therefore, the minor peak observed can only be
attributed to surface formates, which is plausible considering that this catalyst presents a
small fraction of exposed surface titania, as inferred from the methanol adsorption results,
and that the experiment was carried out under relatively low—temperature conditions,
favoring the coverage and inhibiting the desorption of these intermediates. Nevertheless,
since this catalyst shows the highest overall MF yield among all samples, the contribution of
the formate route must be limited. Consequently, it can be reasonably concluded that MF
formation on the 15 V»0s catalyst proceeds predominantly through the hemiacetal
mechanism.

Further evidence supporting these interpretations arises from the results obtained with
molybdenum-based catalysts discussed in Chapter 1. When the same transient experiment
was performed on those samples, identical trends were observed, leading to the same
mechanistic conclusions. It is also worth noting that the molybdenum catalysts exhibited a
greater structural depth and morphological complexity compared to the vanadium
counterparts. Therefore, these consistent observations suggest a broader tendency among
metal—oxide catalysts toward similar reactions behavior under comparable conditions.
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Figure II-10 Normalized MS signal for hydrogenated methyl formate (HCOOCH3, H-MF)
and its partially isotopologue (HCOOCD3) during the transition CH30H + O — N —
CDs0OD at 175°C for the a) 2.5 V,0s catalyst and b) 15 V205 catalyst. Fully deuterated MF
1s not shown for the sake of simplicity.

To complement the previous discussion, Figure II-11 and II-12 show the continuous IR
monitoring of surface intermediates throughout the N2> - CD3OD transition for the 2.5 and
15 V705 catalysts, respectively. The bands analyzed correspond to hydrogenated methoxy
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(2925 cm™), hydrogenated formates (1360 cm™), and deuterated methoxy (2064 cm™).
Regarding the methoxy species (H- and D-), they exhibit the expected behavior throughout
the different stages of the experiment. Upon removal of the CH30H feed, the surface CH;0*
species are consumed, whereas the introduction of deuterated methanol leads to the
progressive accumulation of CD30* species on both catalysts surface.

For both catalysts, the consumption of CH30* species leads to the formation of HCOO*,
with the evolution of this band revealing the main differences. For the 2.5 V05 catalyst, the
formate species increase above their steady—state level and remain stable on the surface until
the introduction of CD30D, at which point they are completely consumed. In contrast, for
the 15 V,0s catalyst, the formate bands initially increase but are desorbed or consumed from
the catalyst surface after approximately 15 minutes, well before the introduction of deuterated
methanol. Once CD;OD is introduced, the remaining formates are fully consumed.

The behavior of surface species on the 2.5 V2Os catalyst is consistent with and reinforces the
observations from Figure I1I-10, as evidenced by the increase in formate bands followed by
their consumption upon the introduction of deuterated methanol. In contrast, the 15 V205
catalyst exhibits a transient, volcano—like behavior in the formate bands, occurring out of
sync with the deuterated methanol feed. The formation of formate intermediates on 15 V205
is plausible, given the presence of a small fraction of exposed titania, which could provide
interfacial sites for their generation. However, considering the minimal steady—state intensity
of the formate bands and the negligible HCOOCD3 production during this transition, there is
no supporting evidence for a formate—-mediated MF formation pathway on this catalyst.
These observations therefore reaffirm that, under steady—state conditions, MF formation on
15 V705 proceeds predominantly via the hemiacetal mechanism.
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Figure II-11 Normalized IR signal of the evolution of the different intermediates on the
surface H-methoxy bands: 2925 cm™!; H-formate bands: 1360 cm™!'; D-methoxy bands: 2064
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cm’!; for the 2.5 V,0s catalyst at 175 °C during N> (red background) — CD3;OD (white
background) transition.

y N, CD,0D
) PV,
RS AL N .
* ’Q’
<08 ¢ ‘e
5 .
S 4 *
= .
o A H-formate (1360 cm™) ~®4
Soe| ¢ ‘e
o] A *
o 0‘
14 A *e
° A "’
o) . A
N 047 A ’0
© AL *
g AA‘A °
S o2 ‘AAAAtl-methoxy (2925 cm™) ‘
AAAAA‘AAAA .
e LYY MMMM
0,0 T T T T T
0 10 20 30 40 45 50 55

Time (min)

Figure II-12 Normalized IR signal of the evolution of the different intermediates on the
surface H-methoxy bands: 2925 cm!; H-formate bands: 1360 cm™!; D-methoxy bands: 2064
cm’!; for the 15 V,0s catalyst at 175 °C during N2 (red background) — CD3;OD (white
background) transition.

11.2.4. Overall discussion

To gain a comprehensive understanding of how surface structure governs reactivity in the
methanol to methyl formate transformation, this section integrates insights from structural
characterization, steady—state reactor experiments and transient, isotopic and spectroscopy
analyses of the V20s/Ti0; catalysts.

For the 2.5 V705/TiO; catalyst, characterization results reveal a material with a high
dispersion of vanadium oxide species over the titania surface. Approximately 80% of the
exposed surface corresponds to TiO2, and based on theoretical calculations, this composition
should favor the presence of monomeric vanadium oxide species forming direct V-O-Ti
linkages with the support. This structural configuration was further corroborated by
temperature programmed reduction analysis, where the H> consumption reached a molar ratio
of 4 mol H, per mol V, approximately twice the stoichiometric requirement expected for V>*
— V3" reduction. This deviation indicates the participation of the support lattice: oxygen
atoms from titania are mobilized to replenish vacancies formed on vanadium sites. Such
behavior provides direct evidence of the presence of interfacial redox sites involving both
metal and support atoms.

Taken together, these results demonstrate that the 2.5 V20s/Ti0O; catalyst likely adopts a
structural configuration analogous to that of the 2.5 MoO3/TiO> sample, which was
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previously studied in greater depth. In that case, the formation of interfacial M—O-Ti redox
sites (M = Mo or V) was identified as a key feature governing the catalytic behavior,
suggesting that similar sites are responsible for the distinctive activity observed in this
vanadium—based material.

For the 15 V20s5/TiO; catalyst, the characterization results reveal a material with a
significantly lower dispersion of vanadium oxide over the titania surface. According to
theoretical estimations, this composition should favor the presence of crystalline vanadia
domains, in contrast to the monomeric species predominant at lower loadings. Although not
well-defined crystalline reflections were detected by XRD, this absence can be attributed to
the formation of small vanadia crystallites, which might still preserve a minor fraction of
interfacial vanadium sites. This hypothesis is supported by the TPR-H> results, which show
a hydrogen consumption ratio of 2.4 mol H> per mol V, a value close to the stoichiometric
reduction. The slight excess beyond the theoretical value suggests the contribution of a
limited number of V-O-Ti linkages, consistent with the presence of a small amount of
interfacial redox character.

Altogether, these findings indicate that the 15 V20s/TiO; catalyst likely adopts a structural
configuration analogous to that of the 15 MoO3/Ti0O2 sample, previously discussed in greater
detail. In that case, the catalytic performance was associated with the predominance of
crystalline M—O—M redox sites (M = Mo or V), where the reaction proceeds mainly through
lattice—based redox cycles rather than through interfacial metal-support participation.

When analyzing the catalytic performance under identical operating conditions in the fixed—
bed reactor, both 2.5 and 15 V,0s5/T10; catalysts exhibited essentially the same kinetic trends,
characterized by a high yield toward methyl formate. Interestingly, the 2.5 V»Os catalyst
behaves as a non—optimized version of the 15 V2Os sample: it reaches lower overall activity
and MF yield yet follows an almost identical kinetic profile.

This observation contrasts sharply with the behavior previously reported for MoO3/TiO:
catalysts, where the structurally crystalline 15 MoOs sample displayed high selectivity
toward formaldehyde, while the low loading 2.5 MoOs catalyst (dominated by interfacial
redox sites) primarily favored MF formation. A comparable trend emerges within the
vanadium series, as the full crystalline 25 V,0s/Ti10; catalyst shifts the selectivity toward
formaldehyde, reinforcing the link between crystalline and the preferred oxidation pathway.

The comparable kinetic performance observed for both vanadium-based catalysts could
imply that structural redox sites have minimal influence on the operative mechanism. Yet,
such an assumption neglects possible differences in the nature and dynamics of the surface
intermediates. Operando isotopic transient experiments were therefore conducted to directly
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monitor the evolution of surface intermediates during the MF production, proving insights
into whether both catalysts follow a truly common mechanistic pathway.

These experiments unequivocally demonstrated the mechanistic divergence between both
catalysts. For 2.5 V»0s, a clear dynamic evolution of surface formate species was observed.
These intermediates, already present under steady—state conditions, evolved in perfect
correlation with MF formation, establishing the formate route as the dominant pathway. In
sharp contrast, the 15 V,0s catalyst exhibited neither a stable population of formate species
nor any evidence of their involvement in MF production. Therefore, the reaction on this
catalyst must proceed predominantly through the hemiacetal mechanism.

This behavior aligns closely with that observed in molybdenum catalysts, suggesting that the
type of redox site in metal oxide catalysts (transition metals), can be directly associated with
the predominant mechanism responsible for MF formation.

Scheme II-2 illustrates the Mars — Van Krevelen cycle involved in the formation of methyl
formate over interfacial and crystalline redox sites. Both catalytic cycles initiate with the
adsorption of methanol onto the active site (step one), either as a molecularly adsorbed
species on the crystalline site or as a methoxy intermediate on the interfacial site. In the
subsequent rate-determining step (step two), hydrogen abstraction from the methoxy group
occurs on both sites, followed by the formation and desorption of water, which generated an
oxygen vacancy on the catalysts surface (step three). Up to this point, both mechanisms
proceed through analogous elementary steps; the mechanistic divergence between the two
types of active sites arises here.

As observed and discussed for the 2.5 V205/T102 catalyst (interfacial redox site), oxygen
migration from the support occurs to replenish the oxygen vacancy within the M—-O-Ti
linkage. In contrast, such migration is absent in the crystalline redox sites. For practical
purposes, the oxygen vacancy in the crystalline sites can be considered to remain vacant;
however, it could also be replenished by oxygen from the gas phase, since this step is quasi
equilibrated.

Subsequently, in step four, the key intermediate for methyl formate production is formed. On
the interfacial redox sites, once the oxygen vacancy has been replenished, the adsorbed
formaldehyde undergoes an additional dehydrogenation step to yield formate species, the key
intermediate in this cycle. Conversely, on the crystalline sites, during step four, methanol re—
enters the cycle and reacts with formaldehyde to form a hemiacetal complex, which
constitutes the dominant intermediate in this pathway. In step five, an inversion relative to
the previous step occurs: methanol now enters the interfacial cycle and reacts with the surface
formate species to produce MF, while on the crystalline site, the hemiacetal undergoes
oxidative dehydrogenation to yield methyl formate.
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In the subsequent steps, both cycles converge once again. In step six, methyl formate and
water desorb from the surface, generating a new oxygen vacancy on the catalyst. Finally, in
step seven, oxygen from the feed replenishes the vacancy, closing the catalytic cycles and
restoring the active sites for continuous operation.

This mechanistic scheme highlights the fundamental role of the redox site nature in dictating
the dominant reaction pathway. Such a structure — reactivity correlation underscores the
universality of this behavior across transition metal oxide systems.

MF
MF . 0, 0, o H,0
H,0 ¢ o ‘@‘ oINS /@

o Hﬁ‘ocu3

I, -0
V2

0/ o/H
g Interfacial Redox Site
O

CH,OH

Vacancy
In TiO,

H,0

Scheme II-2 Proposed Mars — Van Krevelen mechanism for methyl formate formation over
titania supported MoOs and V205 catalysts, distinguishing interfacial (pink) and crystalline
(red) redox sites.
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Conclusions

The combined mechanistic, structural, and kinetic evidence presented throughout this work
provides a unified picture of methanol oxidative dehydrogenation over MoO3/TiO> and
V20s5/Ti0z catalysts, highlighting the decisive role of surface structure in dictating reactivity
and selectivity.

For both metal oxides, two distinct types of redox sites were identified: interfacial M—O-Ti
linkages and crystalline M—O-M domains (M = Mo, V). These sites define two parallel
Mars—Van Krevelen cycles that govern the formation of methyl formate and
dimethoxymethane.

Catalysts dominated by interfacial redox sites, characterized by high dispersion and a
significant contribution of titania to the surface composition, stabilize formates species and
promote methyl formate formation through the formate pathway. In these systems, reversible
oxygen transfer between the metal oxide and titania sustains the catalytic cycle, enabling the
participation of interfacial oxygen atoms in the redox turnover.

Conversely, catalysts dominated by crystalline redox sites, where extended metal-oxygen—
metal connectivity prevails, favor the hemiacetal route, in which less—stabilized surface
intermediates lead directly to the formation of methyl formate and dimethoxymethane. The
limited accumulation of surface intermediates observed under operando conditions reflects
the intrinsic reactivity of this pathway.

Transient and isotopic labeling experiments conclusively ruled out the Tishchenko route as
a viable for methyl formate formation under our conditions. This exclusion is not biased by
potential methoxy exchange processes, which were independently demonstrated to be absent.
Moreover, the lack of formaldehyde readsorption on the Lewis acid sites of titania, once it
desorbs from the redox centers further supports this conclusion, confirming that surface
formate species emerge as the dominant intermediates leading to methyl formate formation.

Altogether, these findings confirm the initial hypothesis that the formation of methyl formate
and dimethoxymethane on transition—metal oxide catalysts supported on titania depends
critically on the nature of the redox site involved. The interfacial M—O-Ti linkages act as
structural and electronic bridges that enable oxygen mobility and intermediate stabilization,
whereas crystalline M—O-M networks promote a more direct oxidative pathway with limited
surface coverage.

This structural — mechanistic correlation provides a coherent framework that not only
rationalizes the behavior of MoO3/TiO> and V,0s/TiO> catalysts but also establishes a
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general paradigm applicable to other reducible metal oxide systems involved in selective
oxidation reactions.

Future Perspectives

The results of this thesis lay the groundwork for the development of a comprehensive kinetic
model describing the formaldehyde, methyl formate and dimethoxymethane over transition
metal oxide. By integrating kinetic data from both molybdenum- and vanadium-based
systems and explicitly accounting for M—O—-M and M—O-Ti redox sites, such a model would
enable the generalization of structure, activity and selectivity relationships across a broad
class of selective oxidation catalysts.

In parallel, future research should continue the rational modulation of the support to refine
redox site structure and oxygen mobility. While titania remains the most effective support
for methyl formate formation, the incorporation of redox active oxides such as SnO», CeO>
or ZrO: into titania — based materials represent a promising strategy to enhance M—O—support
interactions while maintaining efficient metal dispersion and suppressing total oxidation
pathways.

Finally, within the context of the energy transition, further evaluation of dimethoxymethane

and methyl formate as hydrogen carriers is warranted, given their increasing relevance in
sustainable organic energy platforms.
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Appendix

A. 1. 1 Complementary Figures Chapter 1
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Fig. A.I-1 Normalized MS signal of methyl formate (MF) and dimethoxymethane (DMM)),
fully hydrogenated (H) and deuterated (D), a) CH30H/O2/N2/Ar/He - CD30D/O2/Na2/Ar -

CH30H/O2/N»/Ar/He transition over 2.5 MoQO3/TiO: catalyst at 225°C, b) zoom of CH3;0H
- CDs30D transition and c¢) zoom of CD30D - CH30H transition.
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Fig. A.I-2 Normalized MS signal of methyl formate (MF) and dimethoxymethane (DMM),
fully hydrogenated (H) and deuterated (D), a) CH3;0H/O2/N>/Ar/He - CD30D/O2/N2/Ar -
CH30H/O2/N2/Ar/He transition over 15 MoO3/Ti0; catalyst at 175°C, b) zoom of CH3;0H
- CD30D transition and ¢) zoom of CD3;0D - CH3OH transition.
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Fig. A.I-3 Normalized MS signal of methyl formate (MF) and dimethoxymethane (DMM),
fully hydrogenated (H) and deuterated (D), a) CH30H/O2/N2/Ar/He - CD30D/O2/Na2/Ar -
CH30OH/O2/N2/Ar/He transition over 15 MoO3/Ti0; catalyst at 225°C, b) zoom of CH3;0H
- CDs30OD transition and c¢) zoom of CD30D - CH30H transition.
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Fig. A.I-4 Normalized MS signal hydrogenated dimethoxymethane (CH;OCH>OCHj3, H-
DMM) and its partially (CH30OCH>OCD3) and fully deuterated (CD30CD>OCD3, D-DMM)
homologues during the transition a) CH30OH + O, — N»; b) N2 — CD30D c) CD30D — O;
d) O2 — CH30H at 175°C for the 2.5 MoOs catalyst.
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Fig. A.I-5 Normalized MS signal hydrogenated methyl formate (HCOOCH3, H-MF) and its
partially (HCOOCD3) and fully deuterated (DCOOCD3, D-MF) homologues during the
transition CH3;OH + O, — N2 — CD30D at 175 °C over a) 2.5 MoOs3/TiO: catalyst and b)
15 MoOs3/Ti0: catalyst.

A. 1. 2 Analysis of Methoxy Formation Rates and Assessment of Possible Methoxy
Exchange

To evaluate whether a methoxy exchange could take place between HCOOCH;3 and CD30OD
during the CH30H/O2/N2/Ar/He — CD30D/O2/N»/Ar transition (or vice versa), an additional
analysis was conducted. This question arises from the formation of the partially deuterated
methyl formate isotopologue (HCOOCD3), whose origin could, in principle, involve an
exchange between hydrogenated and deuterated methoxy species. To assess this possibility,
it is necessary to compare conditions where HCOOCD; i1s formed, both with and without
prior methanol feeding.

Figure A.I-6 compares the formation of surface methoxy species when methanol is fed in
the following cases: Fig. A.I-6.a analyzes the rise of the 2925 cm™ band (hydrogenated
methoxy) during the CD30D — CH3OH transition from the first experiment and the O2 —
CH3O0H transition from the second experiment, both at the same temperature on 2.5 MoOs
catalyst. Conversely, Fig. A.I-6.b displays the CH3OH - CD;OD transition and N, —
CDsOD transition, both analyzed through the evolution of deuterated methoxy band (2064
cm™!). The initial slope of these signals was used to estimate the respective formation rate.

The results in both Figures confirm the absence of methoxy exchange, as the surface
formation rates remain essentially unchanged. Figure A.I-6.b shows essentially the same
rate, while in Fig. A.I-6.a the rate in CD3;0D — CH3OH is slightly slower compared to O2
— CH30H, which can be rationalized by the need for hydrogenated intermediates to remove
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deuterated methoxy already accumulated on the surface, due to higher surface coverage of
these deuterated species as mentioned earlier. If there were exchange between methoxy
groups, the formation rates should differ between the experiments. In fact, in the first
transient experiment methanol was switched under steady state conditions, leading to the
simultaneous coexistence of CH3O* and CD30* (also CH30OH, CD;0D, HCOOCH3). In the
second experiment, since a purge or oxidation step consumed methoxy from the previous
stage, no interaction allowing methoxy exchange was possible, considering also that
HCOOCH3; and DCOOCD:3 decrease in the same step that the methoxy disappears from the
surface. Therefore, since the methoxy formation rate are similar under conditions where
exchange could occur and where it could not, the possibility of methoxy exchange during the
CH30H - CD;0D - CH30H sequence is quantitively ruled out. It is worth noting that this
analysis is not possibly in the 15 MoOs catalyst because during the second transient
experiment, the surface was cleaned and there is no discernible detection of HCOOCD:3.

Since methoxy exchange was ruled out during the CH3;0H/O2/N2/Ar/He - CD30D/O2/N2/Ar
transition experiment, a strong argument can be made to discard the Tishchenko reaction
pathway on the 2.5 MoQs3 catalyst, where such a route was plausible due to the presence of
exposed titania. Therefore, dioxymethylene-formate and hemiacetal pathways should be
considered to explain the oxidative dehydrogenation of methanol over MoO3/Ti0; catalysts.
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Figure A.I-6 Normalized IR signal of the evolution of the a) hydrogenated methoxy (2925
cm’') and b) deuterated methoxy (2064 cm™!) on the surface of the 2.5 MoOj catalyst at 225
°C in different experiments for CH3OH or CD3;OD feeding, respectively.

A. II. 1 Methanol adsorption calculations
All samples were quantified identically; therefore, the conversion of MS signal to the molar

flow of methanol was performed using the same calibration factor. The methanol molar flow
as a function of time was calculated as:
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MS Signal (mV) * Fiptqr (mol/min) 1 min

mV 60 s
factor (molar % CH30H)

e, 0l (mol/s) =

This equation yields the instantaneous methanol flow rate, ncy,on. To obtain the total
amount of methanol adsorbed on each catalyst, the area under the ncp,op(t) curve was

integrated over time:

NcH,0H,ads = fnCHgoH(t) dt

The percentage of exposed TiO; for each catalyst is obtained by comparing the total CH;0OH
adsorbed on the sample with that adsorbed on the reference TiO: (assumed to represent a
fully TiO2 exposed surface):

NcHy0H,ads (Sample)

NcH;0H,ads (Ti0y)

%Ti0,ExPosed = +100%

The surface density of VOyx (expressed as V atoms per nm?) is computed from the vanadia
loading, molar mass, and the available catalyst surface area (corrected for TiO> surface loss):

ng 1 mOlvO
2 (97,04 (22 (1okg T05)
VOX)_ (W o 275 Ycat > 181.9 9v, o5 A
nm) (L (%Ti0,EPoe) (22). 10728 (1)
100 BET gcat m2

Notes: factor 2 converts V2Os moles to V atoms.

ps—VOx (

Use the calculated p;_yo, (V/nm?) to assign the contributions following the adopted regime
thresholds.

Regime A: Monomeric and polymeric (no crystalline phase)

If V/nm? < 7.0, assume no crystalline phase, then:

ps—VOx = Ps—monomer + ps—polymer

To separate these two contributions, the empirical relation proposed by Broomhead et al.?* is
applied:
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Ps—monomer 4 Ps—polymer 4
—vo, = 2.3 7.0
Ps-vox ( Ps-vo, nm2> " < Ps—-vo, nm?

These two empirical anchors allow solving the system of equations to obtain ps_,0nomer and

ps—polymer-
Regime B: Polymeric and crystalline coexistence

If 7.0 < V/nm? < 23.4, assume crystalline phase begins above 11.7 V/nm?, which corresponds
to the maximum density achievable by polymeric VOx (empirical thresholds)

_ = ps_vo. — 11.7—=
Ps—crystal Ps VOy nma2

ps—polymer = 11-7nm2 - ps—crystal

Ensure ps_poiymer = 0; if negative, adjust thresholds or treat as Regime C.

Regime C: Predominantly crystalline

If V/nm? > 23.4, neglect the polymeric contribution (assumed occluded by crystals) and take:

- = ps—vo, — 11.7—=
Ps—crystal Ps VOy nm?2

The 23.4 V/nm? limit corresponds to the atomic density of the fully crystalline V>Os surface,
but operationally the crystalline fraction is defined as the portion exceeding the polymeric
maximum.

Using the geometrical stoichiometries assigned to each structural motif (Table I1-1), compute
the density of each oxygen type:

Ps_o! = (3 'ps—monomer) + (1 ' ps—polymer) + (O ' ps—crystal)
Ps_oll = 0- ps—monomer) + (4' ) ps—polymer) + 5 ps—crystal)
Ps_omr = (1- ps—monomer) + (1 ’ ps—polymer) +(0,5- ps—crystal)

These expressions yield the final surface densities (per nm?) for O', O and O™

A. 1I. 2 Operando-DRIFTS analysis during the reverse isotopic switch CD;0OD —
CH:OH
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This appendix presents the Operando-DRIFTS analysis performed during the reverse
isotopic transition (CD30OD — CH30H), conducted to validate the mechanistic interpretation
discussed in the main text. By monitoring the evolution of methyl formate isotopologues
together with the corresponding surface methoxy and formate intermediates, this
complementary analysis confirms that the kinetic relationships established in Figure 11-9 are
reproduced under reversed isotopic conditions.

Figure A.II-1 correlates the MS and IR profiles obtained during the reverse transition
(CD30OD/O2/No/Ar - CH3OH/O2/Ny/Ar/He). Fig A.ll-1a and A.lIl-1c reflect the same
relationships between products and surface species observed in Fig. II-9c¢ and II-9a,
respectively in the principal text, albeit corresponding to different reaction stages due to the
reverse direction of the transition. The behavior discussed for Fig. II-9 is consistently
reproduced here.

On the other hand, Fig. A.II-1b focuses on the partially hydrogenated isotopologue of MF
(DCOOCH3) and the surface species involved in its formation, namely deuterated formates
and hydrogenated methoxy groups. Similar to the behavior observed in Fig. [I-9b in the main
text, the formation of DCOOCH3 proceeds faster than the accumulation of CD3O* species
on the surface, while the decay of deuterated formates follows the same trend as DCOOCH3,
albeit with a slight time offset.

Furthermore, consistent with the behavior described in Fig. A.Il-1c, the formation of
hydrogenated formates correlates closely with the detection of HCOOCHs3 in the gas phase,
reinforcing the mechanistic interpretation proposed for the reverse transition.
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Figure A.Il-1 Operando IR-MS analysis during the CD3OD/O2/Ny/Ar -
CH30H/O2/N2/Ar/He transition over the 2.5 V20s/Ti0; catalyst at 225°C. (a) DCOOCD3 and
the evolution of the IR surface species associated with its formation: deuterated methoxy
(2064 cm™) and formate (1327 cm™). (b) DCOOCH; and the evolution of the IR surface
species associated with its formation: hydrogenated methoxy (2925 cm™) and deuterated
formate (1327 cm™). (c) HCOOCH3 and the evolution of the IR surface species associated
with its formation: hydrogenated methoxy (2925 cm™!) and formate (1362 cm™).
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