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Abstract

Selective C-C coupling of oxygenates is pertinent to the manufacture of fuel and chemical 

products from biomass and from derivatives of C1 compounds (i.e., oxygenates produced from 

methane and CO2).  Here we report a combined experimental and theoretical study on the 

temperature-programmed reaction (TPR) of acetaldehyde (AcH) on a partially reduced 

CeO2-x(111) thin film surface.  The experiments have been carried out under ultra-high vacuum 

conditions without continuous gas exposure, allowing better isolation of active sites and reactive 

intermediates than in flow reactor conditions.  AcH does not undergo aldol condensation in a 

typical TPR procedure, even though the enolate form of AcH (CH2CHO) is readily produced on 

CeO2-x(111) with oxygen vacancies.  We find however that a tailored “double-ramp” TPR 

procedure is able to successfully produce an aldol adduct, crotonaldehyde (CrA).  Using density 

functional theory calculations and microkinetic modeling we explore several possible C-C 

coupling pathways.  We conclude that the double-ramp procedure allows surface oxygen 

vacancy dimers, stabilized by adsorbate occupation, to form dynamically during the TPR.  The 

vacancy dimers in turn enable C-C coupling to occur between an enolate and an adjacent AcH 

molecule via a bifunctional enolate-keto cation mechanism that is distinct from conventional 

acid- or base-catalyzed aldol condensation reactions.  The proposed mechanism indicates that 

CrA desorption is rate-limiting while C-C coupling is facile.
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1. Introduction 

Aldol condensation reactions are considered one of the key C-C bond forming reactions for 

biomass upgrading processes.  Together with etherification, ketonization and esterification, they 

allow for the upgrading of bio-derived short-chain oxygenates to longer chains without a 

significant loss of C content in the final products.1-2  Aldol condensation involves an addition 

reaction between two aldehyde or ketone molecules by forming a C-C bond with the release of a 

water molecule as a by-product, thus lowering the oxygen content in a longer chain product and 

increasing the total C/O ratio, relative to the reactants.  This reaction to extend the carbon chain 

can be followed by hydrogenation if greater saturation is needed for heavier fuels or lubricants.  

Earlier, Huber et al.3 reported the feasibility of producing liquid hydrocarbons from sugar 

feedstocks (cellulose, sorbitol, furfural and others) using a four-step process, in which a cross 

aldol reaction is the key step for C-C bond formation.  While aldol condensation has been known 

and used for over a century, there are specific heterogeneously catalyzed reactions where the 

mechanism remains incompletely understood.

The commonly accepted mechanism for carbonyl compounds4 depends on the environment in 

which the reaction occurs, and is generally described as catalyzed by either an acid or a base.  

This distinction is incomplete, in terms of possibilities, as will be discussed later, but we will 

introduce the topic in the common context.  When aldol condensation is base-catalyzed, it has 

been proposed that an enolate intermediate is formed by dehydrogenation of an C of one of 

the aldehydes (forming a C=C-O moiety), which then attacks as a nucleophile a second aldehyde 

at the carbonyl C.  In the case of a acid-catalyzed reaction mechanism, an enol intermediate is 

formed (C=C-OH) which then acts as a nucleophile which attacks a second carbonyl molecule 

that has been activated by coordination to the acid through the carbonyl oxygen.  In 
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3

homogeneous catalytic reactions the mechanism is important in determining the stereo symmetry 

and regioselectivity of the final product.  For heterogeneous catalytic reactions the nature and 

spatial distribution of active sites on the solid surface may change the preferred mechanism.  

Historically, aldol reactions have been studied on solid materials classified as either acidic or 

basic.  Basic oxides were thought to favor the formation of enolate intermediates, as in the case 

of acetone aldol condensation on MgO,5 where the rate-limiting step is the coupling of the 

enolate with acetone.  For reducible oxides, which are amphoteric, experimental data have been 

interpreted as indicating that the dominant mechanism could change from a base mechanism to 

an acid mechanism.6  With reducible oxides, the relative rate of the enolate formation and further 

insertion into the second carbonyl containing molecule is believed to be adjustable by varying 

the amount of Lewis and Brønsted acid sites available.6  Therefore, it is normally understood that 

this reaction works best on a solid material that can act as a bifunctional catalyst that provides 

both acid and base sites.7-8  In this context, referring to an aldol reaction on a reducible oxide as 

either acid-catalyzed or base-catalyzed is imprecise, and a more comprehensive terminology will 

be used in the Discussion section below.

On reducible oxides, the work by Idriss and Barteau9-11 elucidated a wide variety of aspects 

regarding the mechanism and selectivity of aldol condensation reactions, including on CeO2 and 

TiO2.  By varying the extent of reduction of TiO2, it was found that the stoichiometric surface 

favored the aldol product while more reduced surfaces produced butene, and this result was 

hypothesized to be general to reducible oxides.11  Idriss and Barteau interpreted the data as 

meaning that lattice oxygen atoms acted as bases to abstract the  hydrogen, which is consistent 

with interpretations of other studies on oxides.5-7, 10-17  With this idea in mind, the aldol reaction 

was facilitated on acidic supports by the addition of basic promoters or modifiers (such that the 
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4

base could abstract the alpha hydrogen).12, 14  Other studies on varying catalysts/supports and 

with varying the catalyst pre-treatments showed evidence that it is possible to functionalize 

catalyst surfaces with the right amount of acid-base site pairs needed for a specific reaction.15-17

In the last few years, an increased interest for aldol reactions has been seen in the literature, 

with more researchers following the idea of tailoring specific catalytic materials depending on 

the reaction under study.18-20  Kinetic isotope labeling experiments have shown evidence for a 

bifunctional mechanism on TiO2 where base sites are thought to abstract hydrogen to form 

enolates that then nucleophilically attack the carbonyl group of another molecule that is activated 

(made more reactive) by an acid site.19  Bifunctional catalysts of various types have been 

proposed on theoretical or experimental grounds, and their intrinsic relationships with activity 

and selectivity measurements are being explored for the sake of further improving the chemical 

process.19, 21-23  Wang and Iglesia have recently published a study on the activity of aldol 

reactions over TiO2, building on the existing knowledge, and concluding that Lewis acid-base 

site pairs of modest acid–base strength and acid–base site distances are preferred for turning over 

aldol condensation.21

As a reducible oxide, CeO2 provides an ideal platform on which to study aldol condensation 

reactions and to explore the effects of surface structure and vacancy formation on the reactions.  

It has been proven, first on model systems24-26 and later on nanoparticles with characteristic 

shapes,27 that when ceria is exposed to acetaldehyde (AcH), the interactions of the molecules 

with the surface depends strongly on the amount of vacancies in the surface.  AcH adsorbs 

weakly on the stoichiometric (111) surface but interacts strongly in the presence of vacancies, as 

made evident by temperature programmed desorption of AcH from model CeO2(111) surfaces.  

In the latter case, AcH can form an enolate species by dehydrogenating the CH3 moiety at the -
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5

C.26  The existence of the enolate of AcH has been confirmed by reflection-absorption infrared 

spectroscopy (RAIRS), and by density functional theory (DFT) based simulated infrared spectra 

and microkinetic modeling, to be the dominant species between approximately 400 and 600 K.26, 

28  The formation of the reductive C2 products is well understood,28 but a major challenge in 

understanding is presented by the C4 products that result from C-C coupling:  Such molecules are 

among the prevalent products in the reactor study using CeO2 nanoparticles,27 but they do not 

appear in ultra-high vacuum (UHV) studies on fully oxidized and partially reduced CeO2(111).24, 

26, 29

In this study, we found a method to enhance C4 products in a temperature-programmed ramp 

over CeO2-x(111) by applying what we call a “double-ramp” temperature programmed reaction 

(TPR) procedure.  This procedure gave additional control of the amount and distribution of the 

reaction intermediates and oxygen vacancies on model CeO2-x(111) surfaces, thereby enabling 

the aldol condensation of acetaldehyde to crotonaldehyde (i.e., 2-butenal; abbreviated as CrA) 

under UHV conditions.  Consistent with the new TPR procedure, we extended the reaction 

mechanism previously proposed for AcH TPR on CeO2-x(111)28 and investigated several reaction 

mechanisms to account for CrA formation, which were modeled using DFT calculations and 

mean-field microkinetic modeling.  The overall results led us to conclude that oxygen vacancy 

dimers are required for the observed C-C coupling reaction.  Therefore, the dynamic behavior of 

oxygen vacancies is an influential factor in ceria surface chemistry, which cannot be easily 

revealed without a combination of UHV experiments based on the special procedure that we 

have developed and first-principles-based theoretical and computational modeling.
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6

2. Methods

2.1 Experimental

Experiments were performed at Oak Ridge National Laboratory (ORNL), as described 

previously.26  The most pertinent details including deviations from our previous experiments are 

described here.  The base pressure of the instrument is typically between 1×10-10 and 4×10-10 

Torr.  Fully oxidized CeO2(111) films were grown in situ by Ce vapor deposition onto a 

Ru(0001) surface at 700 K with >1×10-7 Torr O2 as described previously.30  Partially reduced 

CeO2-x(111) films were grown using lower oxygen pressures during deposition.  The Ce 

oxidation state was determined using X-ray photoelectron spectroscopy (XPS) of the Ce 3d and 

Ce 4d regions at ORNL, as described previously.31  It had been found that ~5×10-8 Torr O2 was 

suitable for growing the partially reduced films with oxygen vacancies where approximately 

60% of the cerium was in the 3+ state according to XPS, which means the film was largely 

reduced and corresponds to a stoichiometry of CeO1.70 at the surface (the maximum reduction 

would be 100% Ce3+ and correspond to a stoichiometry of CeO1.5).

AcH was introduced using a cylindrical gas doser with a 10 m diameter aperture.  The 

adsorption of AcH was conducted at 160-175 K, which is more than 40 K above the nominal 

multilayer desorption temperature (~110 K) and ensured that one monolayer was present at the 

start of experiment.  Subsequent to AcH adsorption, two types of temperature programmed 

reaction (TPR) experiments were performed.  First, a conventional TPR was performed in which 

the temperature of the surface was subjected to a single temperature ramp.  In separate 

experiments, a tailored temperature-controlled procedure was used in which the temperature 

ramp was broken and stopped at a set temperature, the sample was cooled to 160-175 K, and 
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7

then additional reactant (e.g. AcH) was introduced and a second temperature ramp was 

performed (see Results section for further description).

The TPR experiments were performed in an UHV chamber at ORNL.  In all TPR experiments 

the temperature was ramped at 2 K/s.  Gases evolved were monitored with a UTI 100-C mass 

spectrometer.  The TPR occurred in a “line-of-sight” geometry with the sample facing the 

ionization region of the mass spectrometer and within several centimeters of it.  The masses 

monitored during experiments to produce CrA were, in atomic mass units: 2, 18, 26, 27, 28, 29, 

31, 39, 41, 44, 45, 56, 57, and 70.  The signals were linear baseline corrected.  The signals were 

then smoothed using boxcar linear regression, with each box smaller than the width of the peaks:  

The final TPR spectra were still not completely smooth, which is one indication that the data 

were not over-smoothed.  The signals were first resolved with an in-house computer code, 

MSRESOLVE-SG, using a procedure called sequential linear subtraction.  In sequential linear 

subtraction, one or more molecules’ contributions to the observed mass spectrometry signals are 

resolved (attributed to a molecule) and then that molecule’s (or molecules’) contributions are 

subtracted across all masses, based on the reference pattern.  The reference spectrum for AcH 

was obtained with the instrument used.  For the other molecules, reference spectra were obtained 

from the electron ionization mass fragmentation spectra available at NIST WebBook,32 with a 

mass-dependent tuning factor correction applied for our mass spectrometer based on the 

measured AcH spectrum.  The final reference patterns used are included in the Supporting 

Information (Table S1).  The signals that were able to be resolved, in terms of molecules and 

mass to charge ratios, are: hydrogen: 2, crotonaldehyde: 70, crotyl alcohol: 57, acetaldehyde: 41, 

ethanol: 31, water: 18, carbon dioxide: 44, ethylene and acetylene: 26 and 27, and carbon 

monoxide: 28.  These molecules, with this set of masses, were able to be resolved using 
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8

sequential linear subtraction:  At each step, the molecule being solved for had one or more mass 

fragments that were unique relative to the remaining molecules.  The resolved signals were then 

converted to resolved molecular concentrations (in arbitrary units, but on a common scale) based 

on correction factors determined using the method of Madix and Ko.33  These resolved molecular 

concentrations represented the relative gas phase concentrations of the molecules based on the 

signals detected by the mass spectrometer, and are plotted in Figures 1 and 2 below.

2.2 Computational

Periodic, spin-polarized DFT calculations were performed using the Vienna Ab initio 

Simulation Package (VASP).34  The generalized gradient approximation (GGA-PW91)35 was 

used consistent with our previous studies.26, 28, 36  The optB86b van der Waals (vdW) 

functional37-38 was used to estimate the vdW contribution in the adsorption of AcH and CrA.  

The core electrons were described using projector-augmented wave (PAW) method,39 and the 

Kohn-Sham valence states [Ce(5s5p4f5d6s), O(2s2p), C(2s2p), H(1s)] were expanded in a plane 

wave basis set with 400 eV kinetic energy cutoff.

The DFT+U formalism of Dudarev et al. was used to partially offset the 4f electron 

delocalization error in DFT at the GGA level.40-41  A U value of 2 eV was used based on our 

previous studies,26, 28, 36 with a U value of 5 eV used in limited cases for comparison.  Larger U 

values produce better predictions for electronic structures42 but less accurate predictions of 

temperature-programmed reaction kinetics in terms of peak desorption temperatures.26  Small U 

values (≤ 2 eV) have also been recommended based on comparison with experimental reaction42-

43 and adsorption44 energies.  The equilibrium lattice constant of the CeO2 bulk was calculated to 
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9

be 5.476 and 5.494 Å (U= 2 and 5 eV, respectively) on a (15×15×15) MP k-point grid, in close 

agreement with previous studies.45

Each slab model for the CeO2(111) surface consisted of three O-Ce-O tri-layers, with the top 

tri-layer fully relaxed and the remaining two tri-layers fixed at the bulk positions.  The slab was 

separated from its periodic images in the z direction by ~12 Å of vacuum.  Adsorption was 

studied only on one side of the slab (adsorbates are fully relaxed), with dipole decoupling applied 

in the z direction.46  The adsorption energy was calculated as ∆Eads = Etotal – Eslab – Egas, where 

Etotal, Eslab, and Egas refer to the energy of the slab with the adsorbate, the energy of the clean 

surface, and the energy of gas-phase adsorbate in a neutral state, respectively.  The trans isomer 

of CrA was used throughout this study because it is calculated to be 0.12 eV more stable in the 

gas phase than the cis isomer and because the latter causes additional unfavorable steric 

interactions when adsorbed on the surface.

The minimum energy reaction path for each proposed elementary step and its transition state 

(TS) were determined using the climbing-image nudged elastic band method and dimer 

method.47-50  The activation energy was calculated as Ea = ETS – EIS, where ETS and EIS refer to 

the energy of the transition state and corresponding initial state, respectively.  The corresponding 

reaction energy of an elementary step is Erxn = EFS – EIS.  Convergence criteria for both 

geometry optimization and transition state search were set to the extent that the maximum 

residual force was 0.01 eV/Å or less in all relaxed degrees of freedom.  The singlet-

triplet/doublet-quadruplet splitting was checked, and the lower adsorption energy for an 

adsorbate and the lower activation energy for a given elementary step are reported below.  

Transition states were verified to possess only one vibrational mode with a negative curvature 

that in the direction of the bond breaking of forming process.  Vibrational modes and frequencies 
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10

were calculated using a finite difference approximation approach of the dynamical matrix with a 

displacement of 0.01 eV/Å.  If not specified, the ∆Eads, Ea, and Erxn values were calculated on 

p(2×2) surface unit cells.  The values reported in the main text are based on DFT total energies 

only, while zero-point energy (ZPE) and free energy corrections were applied in the microkinetic 

models.

The main vacancy model was a point surface oxygen vacancy (noted as Vo) as in our previous 

work, which corresponds to 1/4 ML surface Vo coverage on a p(2×2) surface unit cell.28  

Previous24, 26 and current experimental TPR studies were both conducted on CeO1.70 thin film 

surfaces, which corresponds to a maximum of 0.30 ML surface Vo coverage that is close to 1/4 

ML.  The energetics of different Vo ensembles was determined on p(4×4) surface unit cells.  The 

surface Brillouin zones of p(2×2) and p(4×4) surface unit cells were sampled on Γ-centered 

2×2×1 Monkhorst-Pack51 k-point grid and at Γ-point only, respectively.

A mean-field microkinetic model that we previously developed was capable of producing the 

essential features of the AcH TPR experiment on CeO2-x(111) based on DFT-calculated reaction 

energetic parameters.  Detailed construction of the pre-factors, reaction rate constants and 

equilibrium constant of proposed elementary reaction steps (based on harmonic transition state 

theory approximations) can be found in the previous paper.28  AcH molecules were taken to be 

pre-adsorbed, so the adsorption process not directly modeled while all desorption steps were 

taken to be irreversible under UHV conditions.
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11

3. Results

3.1 Experimental results

In this section four experimental TPR profiles will be presented.  In all cases, the vertical axis 

indicates molecular gas phase concentration detected by mass spectrometry during TPR.  Figure 

1a presents the TPR profile for AcH from oxidized CeO2(111) surface, which has a low 

concentration of vacancies.  Consistent with previous results,24, 26 mostly only molecular 

desorption of un-reacted AcH is observed at slightly above 200 K.  Figure 1b shows the TPR 

profile for AcH on a partially reduced surface (~60% Ce3+).  In Figure 1b, we again see results 

consistent with prior studies that there are now three AcH desorption waves.24, 26  The chemical 

origins of these 3 peaks are described in our prior publications:  The main wave is due to 

molecular desorption (peak position at 210 K), the 2nd wave is due to C-O dimer decomposition 

(peak position at 390 K), and the 3rd wave is due to enolate recombinative desorption (peak 

positions between 550 K and 620 K).26, 28  Signals associated with ethylene and acetylene were 

observed as minor products at temperatures similar to those reported in our previous study.24  

The relative yields of the various products are included in the Supporting Information (Tables 

S2a-e).
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12

Figure 1.  Gas phase concentrations of molecules detected during UHV TPR of AcH on (a) 

oxidized CeO2(111) with few vacancies; (b) partially reduced CeO2-x(111) with ~60% Ce3+.

As our previous TPR, IR, and DFT studies concluded,24, 26, 28 the enolate of AcH is formed on 

partially reduced CeO2-x(111) being stabilized by an oxygen vacancy (denoted as Enl/Vo below).  

It has been predicted to be the dominant surface species in 400~600 K,28 and its calculated 

vibrational signatures closely match RAIRS evidence in the same temperature range.26  Enolates 

are well known to be the key intermediates in aldol condensation reactions, so we have devised 

additional experiments to attempt to realize the formation of CrA in UHV experiments.

A custom double-ramp procedure was also used.  The idea behind it was to stop the 

experiment with the enolate on the surface and then cool down to add more AcH to allow them 

to react.  The procedure involved a program of cooling-dosing-ramping, breaking and stopping 
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13

the ramp, then cooling-dosing-ramping again.  The steps performed are as follows: 1) The 

surface was cooled below the monolayer adsorption temperature of AcH (160-175K) and dosed 

with AcH; 2) the surface temperature was ramped at 2 K/s (first ramp); 3) at a set break 

temperature, TB, the heating ramp was stopped (there was no intentional dwell time at TB, and the 

direction of change of the temperature reversed toward cooling on the order of seconds once the 

heating was stopped); 4) the surface was once again cooled below the monolayer adsorption 

temperature for AcH and dosed with AcH; and finally 5) the surface temperature was ramped at 

2 K/s up to 900 K (second ramp).

Figure 2 shows the TPR results from the second ramp with the TB = 410 K (Figure 2a) versus 

TB = 530 K (Figure 2b).  TB = 530 K produced a clearly distinguishable CrA peak (on the order 

of 5% of the carbon balance), while TB = 410 K and 460 K did not.  The results of the TB = 460 

K experiments were similar to those of TB = 410 K experiments and are shown in Supporting 

Information (Figure S1).  In all experiments, there was little to no crotyl alcohol detected, which 

was consistent with the fact that crotyl alcohol was a very minor product on ceria octahedra 

under flow reaction conditions.27  Enhanced H2O production (Figure 2b) is consistent with aldol 

condensation, which releases two H atoms for each CrA molecule formed from AcH, although 

the oxygen in the water may or may not originate directly from the organic intermediates.
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Figure 2.  TPR of AcH on CeO2-x(111) with ~60% Ce3+ for the second temperature ramp during 

the double-ramp procedure described in the text where the first temperature ramp was stopped at 

either (a) 410 K or (b) 530 K.

We conducted separate double-ramp experiments multiple times with the TB of the first ramp 

at 410 K, 460 K, and 530 K, respectively.  The precision for TB was typically better than ≤ ±10 K 

in these experiments.  When TB = 530 K was used (which implies setting TB shortly before the 

peak temperature of the 3rd AcH desorption wave), significant desorption of CrA was observed.  

This experimental observation was reproducible and distinct to TB = 530 K.  In contrast, any CrA 

produced with TB = 410 K or 460 K was either below or very near the detection limits of the 

experiment.  The quantity of vacancies at the end of an experiment was found to be similar to at 

the beginning of experiment based on XPS.  Furthermore, the amounts of crotonaldehyde and 

acetaldehyde desorption were not significantly affected when two or three of the experiments 
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were performed in succession, whether or not surface cleaning or regeneration was performed.  

Performing several experiments without cleaning is equivalent to performing several turnovers.  

Long-term deactivation studies were not performed.

3.2 DFT calculations for proposed mechanisms

Building on the previously elucidated mechanism for the TPR of AcH on partially reduced 

CeO2-x(111) (Table 1),28 we propose to extend this mechanism to include additional pathways to 

give three different CrA formation mechanisms that we denote as Mechanisms A, B, and C: A) 

coupling between Enl/Vo and AcH/Vo ; B) coupling between two Enl/Vo; C) coupling between a 

surface adsorbed AcH and Enl/Vo.  They are all based on the hypothesis that Enl/Vo is the key 

reactive intermediate and must exist on the surface in order for C-C coupling to occur, while they 

differ in the reactant that couples to Enl/Vo.  Each mechanism is restricted to a different C-C 

coupling pathway.  By doing so, we aim to identify the main pathway of the aldol addition 

reaction as observed in our double-ramp experiments.  The schematics in Figure 3 illustrate the 

three proposed TPR mechanisms.
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Table 1.  Previously Elucidated Mechanism and Kinetic Parameters for AcH 

TPD on Partially Reduced CeO2-x(111),28 Including DFT-Calculated 

Activation Energy (Ea, in eV), Reaction Energy (Erxn, in eV), and 

Representative Pre-Factor (ν, in s-1, at 298.15 K)# for Each Proposed 

Elementary Step.

No. Step Ea Erxn 

1 AcH* → AcH↑ + * 0.43 +0.43 1013

2 AcH/Vo → AcH↑ + Vo 1.11 +1.11 1013

3 AcH* + AcH/Vo ↔ D/VVo 0.11 -1.57 4.11×1011

4 D/VVo + * → Enl/Vo + H* + AcH↑ 1.30 +0.73 2.12×1013

5 AcH/Vo + * ↔ Enl/Vo + H* 0.32 -0.91 3.72×1011

6 Enl/Vo + * ↔ CHCHO/Vo + H* 1.19 +1.19 1.30×1012

7 CHCHO/Vo + H* → C2H2↑ + H* + * 0.99 +0.43 2.45×1013

8 AcH/Vo + H* ↔ Etx/Vo + * 0.67 -0.73 1.77×1011

9 Etx/Vo + * ↔ CH2CH2O/Vo + H* 1.31 +1.30 1.55×1011

10 CH2CH2O/Vo + H* → C2H4↑ + H* + * 0.17 -0.64 1.40×1013

11 2H* +Vo → H2↑ + Vo + 2* 1.75 +1.47 1013

Ea and ΔErxn reported here are based on DFT total energies without ZPE 

correction.  ΔErxn for steps involving multiple reactants or products are 

calculated with the multiple species at infinite separation.  D denotes C-O 

coupled dimer of AcH.  VVo denotes a pair of adjacent surface oxygen 

vacancies, i.e. a vacancy dimer.

# Calculated in the harmonic approximation, except for desorption steps 

where a value of 1013 is used.
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Figure 3. Schematics for extended TPR Mechanisms A, B and C.  Balance of H atoms is not 

shown for clarity.

The extended additional steps are listed in Table 2 with their DFT-calculated energetic 

parameters.  Below, each mechanism is presented with a reaction energy profile and the 

structures of the key reaction intermediates and transition states.  The microkinetic modeling 

results for each mechanism, including simulated desorption spectra and coverage evolution of 

surface species are presented in the next subsection.
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In Mechanism A, C-C coupling occurs between AcH/Vo and Enl/Vo (Figures 4a, e) to produce 

CH3CHOCH2CHO (Figure 4b), which occupies a pair of adjacent surface oxygen vacancies 

(VVo) and a surface H, with a small Ea of 0.25 eV.  The methylene group (-CH2-) undergoes H 

abstraction (Figure 4f) with a nearby lattice oxygen as the H acceptor, with Ea = 0.65 eV.  The 

product, CH3CHOCHCHO/VVo (Figure 4c), undergoes C-O scission (Ea = 0.88 eV) that cleaves 

off the internal oxygen, which yields a vacancy-stabilized CrA (CrA/Vo, Figure 4d) and 

Table 2.  Extended Steps in Mechanisms A, B, and C for AcH TPR on CeO2-x(111) with DFT-

Calculated Activation Energy (Ea, in eV), Reaction Energy (∆Erxn, in eV), and Representative Pre-

Factor (ν, in s-1, at 298.15 K)# for Each Proposed Elementary Step.

Mec

h.

No. Step Ea ∆Erxn ν

12 Enl/Vo + AcH/Vo ↔ CH3CHOCH2CHO/VVo

/VVo

0.25 -0.53 1.47×1011

13 CH3CHOCH2CHO/VVo + *↔CH3CHOCHCHO/VVo + H* 0.65 -0.75 3.58×1012

A

14 CH3CHOCHCHO/VVo ↔ CrA/Vo + * 0.88 +0.38 2.69×1013

12 Enl/Vo + Enl/Vo ↔ CH2CHOCH2CHO/VVo 1.87 +1.80 2.92×1011

13 CH2CHOCH2CHO/VVo + H*↔CH3CHOCH2CHO/VVo + * 0.00 -1.41 6.21×1012

B

14-15 same as A13-A14

12 Enl/Vo + AcH* ↔ CH3CHOCH2CHO/Vo 0.22 +0.13 8.07×109

13 CH3CHOCH2CHO/Vo ↔ CH3CHOHCHCHO/Vo 1.03 -0.56 7.08×1011

14 CH3CHOHCHCHO/Vo ↔ CrA/Vo + OH* 1.20 +1.10 1.33×1014

15 CrA/Vo + OH* + H* ↔ CrA/Vo + H2O* 0.10 -0.07 1.05×1012

C

16 H2O* → H2O↑ 0.52 +0.52 1013

Des. CrA/Vo → CrA↑ + Vo 2.12 +2.12 1013

Ea and ∆Erxn reported are based on DFT total energies without ZPE corrections.  CrA desorption is 

common to all three mechanisms as the final step.

# Calculated in the harmonic approximation, except for desorption steps where a value of 1013 is 

used.
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annihilates one oxygen vacancy.  The final step is desorption of CrA from Vo, which is common 

to all three expanded TPR mechanisms.  The desorption barrier is taken to be the reverse of the 

adsorption energy, which is calculated to be -1.35 eV (GGA-PW91) and -2.12 eV (optB86-

vdW).  The negative of the latter is used in the microkinetic modeling as the desorption barrier 

for CrA because it yields far better agreement with the experimental peak temperature for CrA 

than the GGA value.  We note that optB86b-vdW is known to overbind molecules somewhat on 

metals52 but there is so far no database of reliable experimentally measured heats of 

chemisorption on oxides to gauge how accurate this functional is for adsorption on ceria.  The 

strong interaction of the carbonyl intermediates with Vo on CeO2(111) is a reason why alcohol 

species such as crotyl alcohol and ethanol do not appear as major products in the current and 

prior experiments,27 since the hydrogenation of the vacancy-stabilized C=O group is likely a 

difficult step.
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Figure 4.  Extended steps of TPR Mechanism A.  (Upper) DFT-calculated reaction total energy 

profile.  The labeled states are: (a) Enl/Vo+AcH/Vo; (b) CH3CHOCH2CHO/VVo; (c) 

CH3CHOCHCHO/VVo; (d) CrA/Vo; (e) TS for C-C coupling; (f) TS for H abstraction; (g) TS 

for C-O scission.  “‡” denotes a TS.  The forward Ea’s are Ea1 = 0.25 eV, Ea2 = 0.65 eV, Ea3 = 

0.88 eV, and E = 2.12 eV.  (Lower) Snapshots of reaction intermediates and transition states, 

with top view on top and side view on bottom.  Labels correspond to those in the upper panel.  

Green, light brown, dark brown, red, black, and white spheres represent lattice Ce, surface lattice 

O, subsurface lattice O, O in molecules, C, and H atoms, respectively.  Molecular images in this 

figure and those below are created using VESTA.53  Surface lattice O atoms bonded to C or H 
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atoms in the molecules are considered part of the molecules.  Periodic images of the adsorbates 

have been removed for clarity.

In Mechanism B, a pair of adjacent vacancy-stabilized Enl/Vo (Figures 5a, f) undergo self-

coupling by overcoming a substantial Ea of 1.87 eV, forming CH2CHOCH2CHO/VVo (Figure 

5b).  Afterwards a surface H atom is transferred with practically zero barrier from a lattice O site 

to the terminal methylene group of CH2CHOCH2CHO/VVo, forming CH3CHOCH2CHO/VVo 

(Figure 5c).  The subsequent steps are identical to Mechanism A following the formation of 

CH3CHOCH2CHO/VVo, although the prior steps in Mechanism A, i.e. C-C coupling between 

Enl/Vo and AcH/Vo, are not included here.
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Figure 5.  Extended steps of TPR Mechanism B.  (Upper) DFT-calculated reaction total energy 

profile.  The labeled states are: (a) Enl/Vo+Enl/Vo; (b) CH2CHOCH2CHO/VVo; (c) 

CH3CHOCH2CHO/VVo; (d) CH3CHOCHCHO/VVo; (e) CrA/Vo; (f) TS for C-C coupling; (g) 

TS for H addition (not shown in snapshots due to zero barrier); (h) TS for H abstraction; (i) TS 

for C-O scission.  “‡” denotes a TS.  The forward Ea’s are Ea1 = 1.87 eV, Ea2 = 0.65 eV, Ea3 = 

0.88 eV, and E = 2.12 eV.  (Lower) Snapshots of reaction intermediates and transition states, 

with top view on top and side view on bottom.  Labels correspond to those in the upper panel.  

Green, light brown, dark brown, red, black, and white spheres represent lattice Ce, surface lattice 

O, subsurface lattice O, O in molecules, C, and H atoms, respectively.  Surface lattice O atoms 
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bonded to C or H atoms in the molecules are considered part of the molecules.  Periodic images 

of the adsorbates have been removed for clarity.

In Mechanism C, the C-C coupling step occurs between surface-adsorbed AcH* and vacancy-

stabilized Enl/Vo.  Thus this mechanism requires only one surface oxygen vacancy rather than a 

vacancy dimer as in Mechanisms A and B.  As shown in Table 2, the C-C coupling step only 

needs to overcome an activation energy of 0.22 eV, with a corresponding ∆Erxn of +0.13 eV.  

The product of the C-C coupling step, CH3CHOCH2CHO/Vo (Figure 6b), is less stable than the 

C-O coupled dimer and prone to decomposition.  The most facile pathway to CrA formation 

involves intra-molecular H transfer (from the methylene group to the internal carbonyl O) with 

Ea = 1.03 eV to yield a vinyl alcohol species, CH3CHOHCHCHO/Vo (Figure 6c), and the OH 

group then dissociating with Ea = 1.20 eV.  OH can scavenge a nearby surface H to form water, 

which readily desorbs from the surface (∆Eads = -0.52 eV).
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Figure 6.  Extended steps of TPR Mechanism C.  (Upper) DFT-calculated reaction total energy 

profile.  The labeled states are: (a) Enl/Vo+AcH*; (b) CH3CHOCH2CHO/Vo; (c) 

CH3CHOHCHCHO/Vo; (d) CrA/Vo+OH*; (e) CrA/Vo, H2O*; (f) CrA/Vo, H2Ogas; (g) TS for C-

C coupling; (h) TS for intra-molecular H transfer; (i) TS for OH detaching; (j) TS for water 

formation.  (e) and (f) are shown without any coadsorbate.  “‡” denotes a TS.  The forward Ea’s 

are Ea1 = 0.22 eV, Ea2 = 1.03 eV, Ea3 = 1.20 eV, and E = 2.12 eV.  (Lower) Snapshots of 

reaction intermediates and transition states, with top view on top and side view on bottom.  

Labels correspond to those in the upper panel.  Green, light brown, dark brown, red, black, and 

white spheres represent lattice Ce, surface lattice O, subsurface lattice O, O in molecules, C, and 
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H atoms, respectively.  Surface lattice O atoms bonded to C or H atoms in the molecules are 

considered part of the molecules.  Periodic images of the adsorbates have been removed for 

clarity.

3.3 Microkinetic modeling

Our microkinetic modeling effort based on the three TPR mechanisms is aimed at reproducing 

and explaining the results observed in the second ramp of the double-ramp experiments.  The 

coverages at the start of the second ramp are specified in the caption of Figure 7.  They are the 

final results of the microkinetic model of our original TPR mechanism by terminating the 

temperature ramp at 603 K, i.e., at the peak of the 3rd AcH desorption wave in the original 

microkinetic model, so that a certain portion of the occupied Vo becomes unoccupied and 

available to be occupied by AcH in the second dosing.  Therefore, a mixture of the enolate and 

AcH occupy all of the Vo sites at the beginning of the simulated second ramp.  The total 

coverage of Vo (0.226 ML) is less than the initial coverage of Vo used in the original 

microkinetic model (0.3 ML) because a portion of Vo has been annihilated in the reductive 

desorption of the C2 products.  Residual atomic H and newly dosed molecular AcH take up most 

of the oxidized sites.  The starting temperature and ramping rate are identical to those used in the 

original model.28
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Figure 7.  (a) Simulated TPR spectra and (b) corresponding coverages of surface intermediates 

as a function of temperature for AcH on partially reduced CeO2-x(111) based on microkinetic 

modeling of TPR Mechanism A.  Initial coverages (in ML): Enl/Vo = 0.136; AcH/Vo = 0.090; 

H* = 0.193; AcH* = 0.481; all other intermediates = 0; free Vo = 0; free site (*) set to 0.1.  T0 = 

50 K; ramp rate = 2 K/s.  Surface intermediates with essentially 0 ML coverages are not shown 

in (b).
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The simulated TPR spectra based on Mechanism A are shown in Figure 7a.  Three AcH 

desorption peaks are predicted, with peak temperatures (Tp) of 132, 391, and 656 K.  As 

mentioned before, the origin for the 1st AcH wave is the molecular desorption of AcH.  The 2nd 

AcH wave is due to the decomposition of a C-O coupled dimer (D/VVo), which releases an AcH 

molecule to the gas phase under UHV conditions.  The 3rd AcH wave is due to the recombinative 

desorption of Enl/Vo and H.  Compared to the our original TPR mechanism,28 the 3rd AcH peak 

temperature here is higher by ~50 K, which also applies to molecular hydrogen with Tp = 660 K 

(previously 620 K).  The desorption wave for CrA is predicted to span from ca. 590 K to 720 K, 

with Tp = 686 K.

Microkinetic modeling also predicts how the coverages of surface species evolve as a function 

of temperature.  For Mechanism A (Figure 7b), it can be seen that all the additional AcH added 

for the second temperature ramp has disappeared by ca. 130 K, due to either molecular 

desorption or enolization (with a concomitant increase in the coverage of Enl/Vo).  Between ca. 

130 K and 500 K the enolate is the dominant C-containing surface species.  Above ca. 450 K, the 

C-C coupling pathway is actuated to generate CH3CHOCHCHO/VVo, which becomes a 

dominant surface species between ca. 500 K and 700 K.  This happens because the enolate 

begins to recombine with H to form AcH/Vo, which then rapidly undergoes C-C coupling with 

other Enl/Vo but does not build up any appreciable coverage.  A small coverage of CrA/Vo also 

builds up between ca. 550 K and 700 K.  All other organic intermediates are predicted to have 

negligible coverages.  At the end of the temperature ramp ca. 0.1 ML of oxygen vacancy (out of 

the initial 0.226 ML) is annihilated on account mainly of CrA formation.
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Figure 8.  (a) Simulated TPR spectra and (b) corresponding coverages of surface intermediates 

as a function of temperature for AcH on partially reduced CeO2-x(111) based on microkinetic 

modeling of TPR Mechanism B.  Initial conditions and ramp rate are identical to those in Figure 

7.  Surface intermediates with essentially 0 ML coverages are not shown in (b).

The results of microkinetic modeling for Mechanism B are markedly different from those of 

Mechanism A.  As shown in Figure 8a, the 3rd AcH wave has a Tp = 608 K and a greater peak 
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area than the 2nd AcH peak.  CrA desorption occurs with a nearly identical Tp to Mechanism A, 

but it is significantly diminished in intensity. These results are similar to the microkinetic 

modeling results of our original AcH TPR mechanism28 because the C-C coupling pathway is 

essentially not operative in Mechanism B due to the high activation energy for the enolate self-

coupling step.  This is confirmed by the evolution of the coverages of surface species, which 

indicates that none of the C4 intermediates have any appreciable coverage over the entire 

temperature range in Mechanism B (and therefore not shown in Figure 8b).  Combining 

Mechanisms A and B yields results essentially identical to Mechanism A alone.

No CrA desorption is predicted in the simulated TPR based on Mechanism C (Figure 9a).  The 

reason why Mechanism C fails to produce CrA is that the C-C coupling product, 

CH3CHOCH2CHO/Vo, readily breaks down and back into Enl/Vo and AcH.  The other 

desorption features are mostly identical to those based on Mechanism B.  
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Figure 9.  (a) Simulated TPR spectra and (b) corresponding coverages of surface intermediates 

as a function of temperature for AcH on partially reduced CeO2-x(111) based on microkinetic 

modeling of TPR Mechanism C.  Initial conditions and ramp rate are identical to those in Figure 

7.  Surface intermediates with essentially 0 ML coverages are not shown in (b).

Overall, therefore, Mechanism A yields the best agreement with the double-ramp experiments 

on CeO2-x(111) with TB = 530 K.  The essential features of this mechanism are: 1) The C-C 
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coupling step occurs in a pair of surface oxygen vacancies.  The site requirement is further 

discussed below.  2) CrA desorption, and not C-C coupling, is rate-limiting.  We have estimated 

that, if CrA desorption were not rate-limiting, the Tp of CrA desorption would be 493 K.

Note that ethylene and acetylene channels remain part of the expanded mechanisms, although 

their production, together with high-temperature AcH formation, is reduced compared to the 

original TPD model28 (see Figure S2 for the C2H4 and C2H2 traces in the simulated TPR for 

Mechanism A).  This is consistent with the outcome of the double-ramp experiments, which 

found ethylene and acetylene to be minor products (especially the latter; see Tables S2a-e).  We 

attribute the difference to the existence of the CrA channel, which removes a portion of the 

enolates from the uni-molecular pathways that produce AcH, ethylene, and acetylene.  Of these, 

only the desorption of the organics as C2H2 permits H to desorb as H2, so the diminishment of 

acetylene formation means less contribution to H2 evolution from the uni-molecular pathways.  

Meanwhile, the formation of each CrA molecule from two AcH molecules discharges a net total 

of two H atoms, so an H2 peak similar in size to the CrA peak should be expected and is indeed 

predicted by our microkinetic model for Mechanism A.  No H2O channel is provided by 

Mechanism A whereas on the actual ceria surface some atomic H is almost certainly diverted 

from desorption as H2 to reduction of the surface (e.g. at loosely bound lattice O sites).

4. Discussion

4.1 Aldol condensation mechanisms

As mentioned earlier, aldol condensation is typically conceived of as proceeding through either 

an acid mechanism or a base mechanism.  Below we will describe the type of mechanism with 

the nomenclature of Nucleophile ^ Electrophile (with the two species listed in that order).  Acid-
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catalyzed aldol condensation proceeds through a nucleophilic enol intermediate, and we denote 

the mechanism as Enol ^ Keto cation (AA, Figure 10).  An acid catalyzes this route by 

withdrawing electron density from the carbonyl carbon on the molecule being attacked, thus 

making the carbonyl carbon of the second molecule an electrophilic center.  In contrast, base-

catalyzed aldol condensation proceeds through the Enolate ^ Keto mechanism (AB, Figure 10) by 

proton abstraction from a keto by a base (where keto refers to either a ketone or an aldehyde), 

resulting in an enolate anion (the enolate anion has hybridization so there is no separate keto 

anion since it is simply a resonance structure rather than a tautomer).  In all cases, an enolate or 

enol moiety is the nucleophile, and a keto or keto cation moiety is the electrophile.  In aqueous 

phase, the keto cation or the enolate anion is primarily stabilized by solvation effects and also by 

weak coordination by the counter-ion of the acid or base, respectively.

Figure 10.  Different possible mechanisms for aldol condensation mechanisms, labeled with the 

nomenclature of Nucleophile ^ Electrophile.  The conventional aqueous phase Enol ^ Keto 

cation and Enolate ^ Keto mechanisms are labeled as “AA” and “AB” respectively.  The other 

mechanisms may be made accessible through bifunctional/multifunctional heterogeneous 

catalysis.

Page 33 of 51

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

xuye
Sticky Note
Strong acid --> keto cation

xuye
Sticky Note
Weak acid --> keto

xuye
Sticky Note
result of reacting with acid / base

xuye
Sticky Note
how does the enol form?
If it requires H+, then how can there be both A+ and H+?  Or, is the distinction correct?



33

Reducible oxide surfaces such as CeO2(111) open up the possibility of a type of enol-keto 

chemistry subtly different from its aqueous phase counterpart.  Here a metal cation site (which is 

acidic) takes the place of water as solvent to directly stabilize the carbonyl carbon of a keto 

species, and an oxygen anion site (which is basic) performs hydrogen abstraction, resulting in the 

formation of an X+-Enolate intermediate (Figure 10).  Thus, as over other oxides, it is a 

bifunctional mechanism requiring both acid and base sites to participate in the reaction.  This 

study continues in the tradition of investigating aldol condensation on heterogeneous catalysts at 

the molecular level with basic oxides5-7, 9-17 and rationally designed acid-and-base bifunctional 

catalysts,12, 14-17 although unlike basic or promoted oxides, ceria surfaces natively feature evenly 

distributed acid and base sites in close proximity.

Prior work has shown CrA formation by aldol condensation of AcH to be possible on 

CeO2(100) single crystal surfaces under well-controlled UHV conditions,25 on polycrystalline 

ceria under low pressure, as well as on other chemically related oxides.  For instance, a small 

CrA peak (<5% of the carbon balance) was observed during TPR of AcH from a fully oxidized 

CeO2(100) surface, but the presence of oxygen vacancies apparently suppressed CrA formation 

so that it was not observed on a partially reduced CeO2(100) surface.25  Consistent with the 

current view, Mullins et al. suggested that a dioxyethylene species is the direct precursor from 

which H is abstracted by surface oxygen sites to form a short-lived metastable enolate, which 

then acts as the nucleophile during coupling.25  It stands to reason that removing surface oxygen 

atoms results in a decrease in the ability of the surface to abstract hydrogen from the CH3 group, 

and thus a decrease in enolate formation and C-C coupling.
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The chemistry of AcH on CeO2(111) and CeO2-x(111) in TPR stands in contrast to that on the 

CeO2(100) surfaces:  On fully oxidized CeO2(111) little reaction of AcH was observed, whereas 

the enolization of AcH readily occurred on CeO2-x(111).  The enolate of AcH proved to be very 

stable under UHV conditions in a typical TPR procedure and was readily detected by infrared 

spectroscopy and x-ray photoelectron spectroscopy at temperatures between 400 K and 550 K.26  

We surmise that part of the difference is due to the fact that Ce cation sites are less accessible on 

CeO2(111) than on CeO2(100) unless oxygen vacancies are created, with each point vacancy 

partially exposing three Ce cations to facilitate the formation of X+-Enolate intermediates.

The double-ramp experiments in the present study reveal that AcH can undergo C-C coupling 

on CeO2(111) as well.  The DFT calculations and the microkinetic modeling based thereon show 

that the experimental TPR data are consistent with an X+-Enolate ^ Keto cation mechanism (AD 

in Figure 10) that requires an oxygen vacancy for the formation of X+-Enolate to act as a 

nucleophile, and an adjacent oxygen vacancy to stabilize another carbonyl molecule to act as an 

electrophile.  The fact that CrA is formed at a far greater rate in Mechanism A (via 

Enl/Vo+AcH/Vo) than in Mechanism B (via Enl/Vo+Enl/Vo) during simulations is consistent with 

the fact that the enolate functions primarily as a nucleophile, not as an electrophile, and self-

coupling of the enolate is therefore not as effective as coupling between Enl/Vo and AcH/Vo.  In 

comparison, partially exposed arrays of Ce cation sites already exist on CeO2(100), so AcH can 

enolize without oxygen vacancies and couple with other adjacent, X+-stabilized AcH molecules 

on CeO2(100) in a typical, single-ramp TPR procedure.
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4.2 Energetics for vacancy clustering

We attribute the face that no CrA was detected in the single-ramp experiments26 to the fact 

that, as alluded to before, the positioning of oxygen vacancies is crucial to the bimolecular 

coupling step.  A key requirement implicit in Mechanisms A and B (but not C) is that Enl/Vo and 

AcH/Vo or another Enl/Vo must be adjacent to each other in order for aldol addition and CrA 

formation to occur effectively.  If Enl/Vo is instead surrounded by oxygen sites, C-C coupling 

can still occur (e.g. via Mechanism C), but it would not lead to CrA formation under UHV 

conditions due to the decomposition of intermediates.

The nature of oxygen vacancies on CeO2(111) has long been debated in the literature.  Early 

work based on scanning tunneling microscopy (STM) and atomic force microscopy (AFM) for 

high-temperature annealed CeO2(111) single crystal surfaces reported a predominance of surface 

and subsurface oxygen vacancy clusters, while point surface vacancies appeared to be a minority 

species.54-55  More recently it was demonstrated theoretically that previous STM studies were not 

capable of distinguishing oxygen vacancies from fluorine impurities, which are typically present 

at appreciable concentrations in naturally occurring CeO2, and that the vacancy clusters seen in 

STM may be clusters of fluorine atoms.56  DFT studies based on GGA,57-58 GGA+U (U=4.5~5 

eV),59-61 and HSE06 hybrid functional59 all reported that an isolated oxygen point vacancy to be 

a few tenths of an eV more stable in subsurface than in surface.  GGA+U also predicted point 

vacancies to be more stable than vacancy clusters, whether on surface or in subsurface.  Forming 

a surface vacancy dimer from two surface point vacancies is calculated to be endothermic by 

+0.16 eV by Murgida et al. and +0.34 eV by Conesa.60, 62

Based on the latest findings, we surmise that the as-synthesized CeO2-x(111) films used in our 

experiments initially (Figure 1b) contained primarily isolated vacancies and few vacancy clusters 
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since they are disfavored by thermodynamics.  When AcH was dosed onto such a surface, all 

point vacancies should be occupied by AcH and later the enolate molecules, which immobilized 

the vacancies.  Mechanisms A and B would be largely inoperative on such a CeO2-x(111) surface.  

For clusters of oxygen vacancies to appear, the following conditions must be met:

1. Some AcH molecules desorb to vacate some vacancies;

2. Vacancies are able to diffuse at an appreciable rate;

3. The energetics is altered to favor the aggregation of vacancies.

What the double-ramp experiments with TB = 530 K accomplish (Figure 2b), thus, is to free 

some vacancies while retaining some enolate molecules in vacancies as the third AcH desorption 

wave is under way by 530 K.  When vacancies become unoccupied appear at 530 K, their 

mobility is expected to be high because the diffusion barrier for oxygen vacancies via a surface-

subsurface exchange mechanism has been calculated theoretically to be modest (Ea = 0.5 or 0.6 

eV with GGA+U with U=3 63 or 5 64 respectively).  Further, our calculations show that the 

occupation of a surface Vo by an enolate can make the formation of a surface vacancy dimer 

exothermic, in contrast to the dimerization of two unoccupied surface point vacancies.60, 62  As 

summarized in Table 3, when an enolate occupies a surface Vo, the energetics of a second, 

unoccupied Vo varies depending on its location, with the site in the surface that is nearest 

neighbor to Enl/Vo being the most favorable.  In other words, neighbor-neighbor interaction 

between Enl/Vo and an unoccupied Vo (similar to adsorbate-adsorbate effects if Vo were 

considered an adsorbate) alters which state is thermodynamically favored relative to the 

energetics in the absence of the enolate.  Conversely, if most of the enolates desorb, the 

thermodynamics would cause most such vacancy dimers to re-disperse.  We note this 

stabilization does not extend to the formation of a vacancy trimer:  The energy of adding a third, 
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unoccupied surface Vo to an existing Enl/VVo (enolate-occupied vacancy dimer) is calculated to 

be +0.55 and +0.37 eV (U = 2 and 5 eV, respectively).

Table 3. Location, Energy (Ev, in eV), and Boltzmann Probability (P, in 

%, calculated at 603 K) for an Unoccupied Oxygen Vacancy in the 

Presence of an Enl/Vo species on CeO2(111) at U = 2 and 5 eV

U = 2 U = 5

location of 2nd Vo a Ev 
b P Ev 

b P

N.N., surface -0.03 60 -0.13 91

N.N., subsurface +0.27 0 +0.27 0

Inf. Sep., surface +0.05 9 +0.01 4

Inf. Sep., subsurface 0 31 0 5

a Relative to the location of the enolate occupied Vo.  N.N. = nearest neighbor, 

Inf. Sep. = infinite separation.

b Based on DFT total energy without ZPE correction, relative to the Inf. Sep., 

subsurface state.

In short, all three conditions above can be met if the first temperature ramp is terminated at an 

appropriate temperature, resulting in the formation of partially occupied surface vacancy dimers 

that allow the enolate molecules to be stabilized side-by-side in vacancies, in a position to 

undergo effective adol addition in the second temperature ramp.  Using a lower TB (e.g. 410 K or 

460 K) in the first ramp does not lead to CrA formation (Figure 2a) because all vacancies are still 

occupied by the enolates and cannot aggregate to form vacancy dimers.
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4.3 Treatment of atomic H

Adsorbate-adsorbate interaction is an aspect of surface chemical kinetics that conventional 

microkinetic modeling is not capable of fully handling.  As the theoretical results above show, 

there are comparable coverages of some organic intermediate and atomic H (ca. 0.2~0.3 ML) 

between ca. 100 K and 600~700 K (Figures 7-9, depending on the mechanism).  The interaction 

between the organic intermediates and atomic H turns out to be moderately repulsive in all cases 

(Table S3).  On the basis of that, and for consistency with our previous microkinetic model,28 we 

have treated the organic intermediates and H to have no interaction, or “at infinite separation”, in 

the present models.  OH has a very strong stabilizing interaction with both CrA/Vo and H, so 

they are treated as coadsorbates in the models.

It should be noted, however, that the diffusion barrier for atomic H on CeO2(111) has been 

determined theoretically to be 1.8 eV (GGA+U; U=4.5),65 which means that the mobility of H is 

highly limited below 600 K according to DFT, in stark contrast to H on metal surfaces.  The 

coverage of H is therefore likely to be locally non-equilibrated on the surface due to reactions, 

which complicates the estimation of coverage dependence for reaction energetics, if such an 

approach were to be used in microkinetic modeling.  The fact that the H2 and H2O desorption 

waves appear to be linked (Figure 2b) may also be due to a common underlying process, e.g. H 

atoms diffusing in search of H2 formation sites or loosely bound O anions.  If true, our TPR 

results would suggest the GGA+U diffusion barrier of 1.8 eV reported in the literature to be 

overestimated by ca. 0.2~0.3 eV, but we are unable to confirm it by locating a lower diffusion 

barrier on CeO2(111) theoretically.

To fully account for all of these effects would require a comprehensive kinetic Monte Carlo 

model with reaction energetic parameters implemented as explicit functions of local coverages of 
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atomic H, organic intermediates, and surface oxygen vacancies, and with the mobility of H and 

oxygen vacancies taken into account.  It is outside the scope of the present study.  While our 

simple microkinetic approach undoubtedly contains inaccuracies, the purpose of adopting it is to 

show that the aldol addition mechanism that we propose is fundamentally compatible with the 

experimental TPR, which sheds light on the microscopic level intricacies of this reaction.

5. Conclusions

In this work, we have presented a new mechanism for crotonaldehyde (CrA) formation from 

acetaldehyde (AcH) that is promoted by oxygen vacancy dimers on CeO2(111).  CeO2 particles  

have previously been shown to produce CrA under low pressure9 and flow reaction conditions,27 

and now CrA formation has been observed on CeO2(111) surfaces using tailored double-ramp 

TPR experiments under well-controlled conditions.

Based on the experimental evidence and DFT-based microkinetic modeling, the pathway 

accessed is suggested to be of the X+-Enolate ^ Keto cation type, with the C-C coupling step 

occurring between an X+-Enolate formed from AcH and a second (dynamically re-formed) AcH 

molecule, with the two species located side-by-side in a pair of oxygen vacancies.  DFT 

calculations further suggest that the active site (a surface oxygen vacancy dimer) forms due to 

altered vacancy stability, as an enolate-occupied oxygen vacancy attracts, rather than repels, a 

second oxygen vacancy.  Such vacancy dimers are created in situ upon partial AcH desorption at 

appropriately elevated temperatures, a crucial detail that cannot be easily revealed without a 

combination of UHV experiments based on the special procedure that we have developed and 

first-principles-based theoretical and computational modeling.  
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Given that multiple mechanisms are possible for CrA, the present work adds knowledge to the 

literature by showing that an X+-Enolate ^ Keto cation mechanism (AD in Figure 10) is 

experimentally accessible on CeO2(111), and that the dynamic nature of oxygen vacancies plays 

a key role.  This elucidated mechanistic pathway requires an active site ensemble consisting of 

multiple surface elements (i.e. lattice Ce cations and oxygen anions, surface oxygen vacancies, 

and pre-adsorbed enolates), which may be amenable to tuning on CeO2(111) and possibly on 

other reducible oxide surfaces, for the design of multifunctional catalysts for aldol condensation 

reactions.  We are not aware of prior evidence published for an aldol condensation mechanism 

involving oxygen vacancies, as presented in this study.  We believe that these findings have 

general relevance for the discovery of future generations of catalysts for upgrading organic 

molecules derived from biomass conversion, for example, in producing partially oxygenated 

coupling products under reducing conditions.
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