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Abstract

Upgrading of primary alcohols by C-H bond breaking currently requires temperatures of > 200 °C. In this
work, new understanding from simulation of a temperature programmed reaction study with methanol
over a Ce0,(111) surface show C-H bond breaking -- and the subsequent desorption of formaldehyde --
even below room temperature. This is of particular interest because CeQ; is a naturally abundant and
inexpensive metal oxide. We combine density functional theory and kinetic Monte Carlo methods to
show that the low temperature C-H bond breaking occurs via disproportionation of adjacent methoxy
species. We further show from calculations that the same transition state with comparable activation
energy exists for other primary alcohols; with ethanol, 1-propanol, and 1-butanol explicitly calculated.
These findings indicate a promising class of transition states to search for in seeking low temperature C-
H bond breaking over inexpensive oxides.
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Conversion of renewable small organic oxygenates is of interest, including bio-ethanol and bio-
butanol.(1-3) C-H bond breaking with release of the desired product is notoriously difficult to achieve at
low temperatures, even for alcohols, with most catalytic examples comprising precious transition
metals.(4-6) For example, one recent work showed methane C-H bond breaking at low temperature
over Ir oxide,(7) but the surface intermediate remained without release until decomposition at >450 K.
Relative to transition metals, non-transition metal processes tend to require even higher temperatures.
The Formox process for converting methanol to formaldehyde on iron molybdates typically operates at
temperatures above 300 °C.(8) Finding ways to (and understanding how to) accomplish C-H bond
breaking at/below room temperature over cheap and abundant catalysts can open new areas of
chemical reactions. In this letter, an exciting result is presented: formaldehyde can be produced by
reaction of methanol over a Ce0O,(111) surface, with the C-H bond breaking and formaldehyde release
occurring even below room temperature. The solid catalyst, CeO,, is cheap and naturally abundant.
Additionally, the (111) crystal face is the most stable face. This work thus shows that methanol
conversion to formaldehyde can occur on a cheap and abundant metal oxide at temperatures much
lower than the previously reported value of 370K (which occurred in the presence of VOx/Ce0,(111)).(9)

Our approach involved using density functional theory (DFT) calculations to investigate the mechanism,
and running Kinetic Monte Carlo simulations (KMC) for comparison with temperature programmed
reaction (TPR) experimental data. For this work, TPR indicates that the solid catalyst was exposed to the
reactant at temperatures below that of reaction, and that the temperature was then raised at a
controlled and constant rate. It was found that below room temperature formaldehyde production over
Ce0,(111) occurred by a disproportionation mechanism between neighboring methoxies. The Bell-
Evans-Polanyi (BEP) principle was shown to exist for the activation energy of this reaction, and this
correlation was found to extend beyond methanol: shown explicitly for ethanol, 1-propanol, and
1-butanol. These findings indicate that low temperature C-H bond breaking is possible over cheap metal
oxides with release of the product molecule, when this type of transition state is accessible, and
indicates that novel chemical processes may be discovered by searching for such reactions.

The experimental data was obtained by methanol exposure onto Ce0(111) under ultrahigh vacuum at a
temperature range where a monolayer would form (without multilayer formation), and then the sample
was heated from 190 K to 800 K with a heating ramp of 2K/s (see reference and Supporting Information
for details).(10) Correspondingly, the TPR simulations began with a full monolayer of methanol at 190 K
(800 methanol molecules, on 800 Ce sites and 800 O sites). During simulation, the temperature was
ramped at a rate of 2 K/s. As the temperature was ramped, various reactions and desorptions were
observed in simulations, in accordance with experiment. The experimental data used was from
reference (10). The Ce0,(111) was a thin film was grown on Ru(0001), as described previously.(11-12)
The effects of co-adsorbates (“coverage effects”) were included in the simulations. Further details of the
DFT calculations, configurations, KMC methods,(13-14) several snapshots of the global surface
configurations observed, and a table of the reactions and configurations that were used during
simulations are provided in the Supporting Information. The supporting information also includes
comparisons to experimental literature(15-16) for the simulated carbon containing species coverages as
well as for the simulated Ce® ratio. The results of the simulated TPR signals are shown alongside the



experimental TPR data in Figure 1. Shaded boxes are shown as visual guides to the eye, and individual
reactions are discussed in the text. In first principles simulation of TPRs involving more than simply
desorption, perfect agreement is not expected.(17) Deviations are expected due to the errors associated
with the energetics that come from DFT (estimated to be around 5-10 kcal/mol)(18), the use of
assumed or estimated pre-exponentials in the rate constants of the simulations, as well as experimental
sources of error. Given these sources of error, the agreement can be considered good when the
simulation is within 50-100 K of the experimental peak and the peak areas are similar.(19)

In both experiment and simulation (Figure 1), the first observation is molecular desorption of methanol
below 200 K, followed by water desorption at 225 K. From isotopically-labeled experiments, it is known
that the desorbing water incorporates lattice O.(11) Subsequent to the initial water desorption,
formaldehyde starts to desorb. In the experimentally obtained spectrum, the below room temperature
formaldehyde peak is broad. The simulations show this peak more distinctly with essentially the same
temperature range and peak area. This low temperature formaldehyde peak arising from methanol TPR
over Ce0,(111) is also visible in previous work by another group, but was apparently not investigated
further, at that time.(9, 20) In aggregate, there is sufficient agreement between theory and experiment
for the areas and peak temperatures of methanol and formaldehyde desorption at below room
temperature. In addition to the aforementioned sources of error, the differences may be due to
imperfect capture of adsorbate-adsorbate repulsions as well as imperfect capture of the spatial
distributions of species (including vacancies) at the surface. Both experiment and simulation then show
a region without further peaks until >400 K, followed by a region where methanol and formaldehyde
desorb at the same temperature. The concomitant desorption of methanol and formaldehyde above
400 K has resulted in conjecture that disproportionation produces that formaldehyde.(11, 15) We have
found that disproportionation is also responsible for the below room temperature formaldehyde, and
the differences between the two temperature ranges will be discussed.
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Figure 1. Comparison of experimental and theoretically simulated KMC spectra for the TPR after methanol adsorption on
Ce0,(111). The shaded boxes are visual guides, the individual reactions are discussed in the text.

In interpreting the progression from the low temperature portion of the TPR experiment to the high
temperature portion, we consider the elementary steps. The first step in the TPD mechanism is the
molecular desorption of methanol (at <250 K). Once initial methanol desorption begins, water formation
and subsequently water desorption occurs between 200-300 K. This water molecule formation occurs in
a concerted step via participation of a lattice oxygen and two protons that originated from two different
methanols.(21-22) After this concerted step, the water readily desorbs and a methoxy moves into the
vacancy (making it short-lived), leaving one vacancy-methoxy and one atop-methoxy.(22) The rate of
this water desorption is controlled by the rate of the concerted step (see Fig.S1 and S3 in the
Supporting Information).

After water desorption, as the temperature increases, both gas-phase formaldehyde and gas-phase
methanol are produced in processes that are kinetically limited by the rates of the surface reactions that
make the molecules, as opposed to being desorption-limited. These molecular production processes
occur in two temperature regions: below room temperature (<300 K) versus at elevated temperatures
(>400K). There are thus at least two distinct reactions contributing to the gas-phase methanol and
formaldehyde production peaks. In both temperature ranges, from the KMC simulations, it is possible to
trace the gas-phase production peaks directly to originating from individual surface reactions from Table
S1. We show the results of this tracing in Figure 2.
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Figure 2. Simulated reaction rates for C-H bond breaking by disproportionation of adsorbed methoxy species reactions
(Reactions 2.3 and 2.5, rates shown in panels a and b) and the total rates of formation of gas-phase methanol and
formaldehyde (sum of rates of Reactions 5.3-5.8 shown in panel c and sum of rates of Reactions 7.1-7.4 shown in panel d).
Colored panels indicate where the gas-phase methanol and formaldehyde formation occurs as a consequence of the relevant
C-H bond breaking by disproportionation.

Figure 2 illustrates the contributions of the different elementary steps to the gas-phase peaks observed.
The disproportionation between atop-methoxy species is Reaction 2.3 (rate shown in panel a), and
results in the formation of gas-phase formaldehyde (275 K desorption peak in panel d) as well as the
formation of gas-phase methanol (300 K desorption peak in panel c). In contrast, the disproportionation
between an atop-methoxy and a vacancy-methoxy is Reaction 2.5 (rate shown in panel b), and results in
nearly simultaneous formation of gas-phase formaldehyde and methanol (seen as 410 K desorption
peaks in panels ¢ and d). There are also peaks outside of the shaded regions: The methanol peak near
200 K is simply from methanol desorption, and the methanol and formaldehyde peaks above 450 K are
due to direct C-H bond breaking (though the stoichiometry resembles disproportionation).

The relative positions of the sets of peaks in the shaded regions, associated with the two different types
of disproportionation, are consistent with the energies of the associated transition state structures
(shown in Figure 3) as well as the binding and activation energies (given in Table S1). In the case of the
atop-atop disproportionation (Reaction 2.3), the transition state is very early (Figure 3a) with the C-H
bond stretching just 0.04 A. The activation barrier of 0.79 eV (Reaction 2.3, Table S1) is also quite
accessible at 275 K. The formaldehyde formed from this process desorbs immediately, as the binding
energy of formaldehyde near a methanol is 0.44 eV, which is lower than either the forward or reverse
activation barriers for this disproportionation reaction. Methanol, on the other hand, has a binding-
energy slightly higher than the activation energy of the low temperature disproportionation reaction



(0.84 eV when next to a formaldehyde; Reaction 5.5, Table S1) and therefore desorbs slightly later after
the formaldehyde when the desorption energy is lower (0.81 eV; Reaction 5.8, Table S1).

Unlike the low temperature disproportionation process, the 410 K disproportionation process has the
methanol desorbing slightly before the formaldehyde. This is consistent with the structure of the
transition state (Figure 3b). Reaction 2.5 involves the transfer of an H from a vacancy-methoxy to an
accepting atop-methoxy. Shortly after the H transfers, the methanol desorbs, leaving a formaldehyde in
an O vacancy. This formaldehyde is more strongly bound (binding energy of 1.13 eV; Reaction 7.4, Table
S1), and it desorbs slightly later after emerging from the vacancy.

(a) Rxn 2.3 (b) Rxn 2.5

Figure 3. Images of methoxy disproportionation transition states for CeOx(111), where the donating methoxy is either an atop-
methoxy (Reaction 2.3, panel a) or a vacancy-methoxy (Reaction 2.5, panel b). Small white atoms are H, small yellow atoms are
H adsorbed on surface O, medium gray atoms are C, medium red atoms are adsorbate O, medium orange atoms are surface O,
and large gray atoms are Ce. H transfer paths are highlighted by dashed yellow ellipses. Black arrows indicate the direction of H
transfer. Atomic radii are not to scale: For visual clarity, the radii depicted are based on covalent radii rather than crystal radii.

Though not the focus of this letter, at even higher temperatures, the production of methanol and
formaldehyde are not correlated with a single irreversible process. Rather, there is a rapid cycle caused
by Reactions 2.2, 2.5, 2.7, 9.2, and 9.3 (not plotted). The cycle was identified mechanistically by looking
at the associated event frequencies in the simulations. This cycle begins with a vacancy-methoxy losing a
H atom, primarily via simple dehydrogenation onto a surface O (Reaction 2.7) along with a competing
contribution via disproportionation to make atop methanol (Reaction 2.5). In either case, the result is
formaldehyde adsorbed in an O vacancy. This formaldehyde can move onto the surface (barrier of 0.23
eV; Reaction 9.2, Table S1). An atop-methoxy (possibly formed by atop formaldehyde scavenging a
nearby H, via Reverse Reaction 2.2) can then jump into the vacancy (Reaction 9.3), closing the cycle.

Given that H,O0 formation and desorption is facile, and also given that there is evidence of formaldehyde
desorption from CeO; at ambient temperatures, we believe it should be possible to design a reactor and
operating conditions under which the methanol to formaldehyde would be catalytic with H,O as a co-
product and an oxidant as an additional reactant (required to reoxidize the CeO, lattice). We have not
attempted to find conditions to complete the catalytic cycle, though conducting such a future study is of
interest. Some studies have suggested that cerium oxide may be able to adsorb and/or activate oxygen
at or below room temperature(23-26), including in vacancies at CeO(111) surfaces(27). The activation
may be modulated by crystal size for nanocrystals(28-29). Perhaps of even greater interest is the
possibility of using CO, as the oxidant: a relatively recent study(30) has shown that CO, can reoxidize
some vacancies after sufficient reduction of CeO,(111).



Furthermore, this class of transition state should be more general than being confined to methanol. We
speculated that this class of transition state should, at minimum, be generalizable to other primary
alcohols. For example, the same transition state can be imagined for converting 1-butanol into butanal,
which could provide a renewable route for plasticizer production. To test our belief that this class of
transition state is more general than only for methanol, we performed a series of transition state
searches for disproportionation involving other primary alkoxide species on Ce atop sites, in direct
analogy to the low temperature elementary step found for methoxy disproportionation. We found the
same class of transition states for all primary alkoxides ranging from one to four carbons (even longer
chains were not tested, though we anticipate the same class of transition state to be applicable to
longer chains). The resulting transition states are shown in Figure 4. All four transition states are
extremely similar, with very slight increases in the length of the stretched C-H bond as a function of C
number. We compiled the activation energies for the direct C-H and disproportionation reactions for
methoxy in the presence of various co-adsorbates configurations and plotted these activation energies
as a function of the reaction energy (along with the results for the disproportionation of the larger
primary alcohols): BEP correlations were observed, as shown in Figure 5. The disproportionation
reactions have a lower activation energy than direct C-H abstractions for any given reaction energy. The
values associated with the primary alcohols are denoted by numbers and all fall on the same linear
scaling relation associated with the various methoxy configurations, such that each of the primary
alkoxy disproportionations display an activation energy below 1 eV.

(a) Methoxy (b) Ethoxy (c) 1-Propoxy (d) 1-Butoxy

Figure 4. Images of (a) methoxy, (b) ethoxy, (c) 1-propoxy, and (d) 1-butoxy disproportionation transition states on pristine
Ce0,(111). Small white atoms are H, small yellow atoms are H adsorbed on surface O, medium gray atoms are C, medium red
atoms are adsorbate O, medium orange atoms are surface O, and large gray atoms are Ce. H transfer paths are highlighted by
dashed yellow ellipses. Black arrows indicate the direction of H transfer. Atomic radii are not to scale: For visual clarity, the radii
depicted are based on covalent radii rather than crystal radii.
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Figure 5. Activation energies E4 versus reaction energies AH for direct C-H scission and alkoxy disproportionation follow a BEP
relation across a variety of adsorbate configurations. Disproportionation mechanisms are found to lower the activation
energies. The trend is found to apply to not only methanol, but also to ethanol, 1-propanol, and 1-butanol, indicating
generality. The disproportionation reactions between pairs of atop primary alkoxides are labeled as: 1 — methoxy, 2 — ethoxy, 3
— 1-propoxy, 4 — 1-butoxy. Dashed lines are from linear fits: for direct C-H cleavage, E4 = 0.97AH + 1.25; for
disproportionation, E4 = 0.39AH + 0.89.

We have demonstrated that the most stable face of cerium oxide, an inexpensive metal oxide, can break
the C-H bond in methanol below room temperature, with release of the molecular product of this C-H
bond breaking to the gas-phase. The principal mechanism involved is a disproportionation between
adjacent atop-methoxy species, Reaction 2.3: 2CHsO@Ces > CH3OH@Ces + CH.0@Ces. We find that the
same class of transition state exists for conversion of 1-butanol into butanal, and also for other primary
alcohols. The class of transition states found indicates the importance of considering the potential
energy surface for ensembles of adsorbates rather than simply individual reaction steps, as non-linear
effects may be observed as a function of the number of adsorbates present (in this case, the effect is
even similar but not identical to an autocatalytic effect — it is more similar to a chain-reaction
propagation step). We believe it should be possible to design a reactor and operating conditions that
enable the catalytic dehydrogenation of primary alcohols to the corresponding aldehydes, with a co-fed
oxidant. This class of transition state can potentially open new chemistry and lead to new inexpensive
metal oxide catalysts for conversion of renewable biomass feedstocks.
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