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ABSTRACT

The chemistry of acetic acid reactions was studied over La1-xSrxMnO3(100) surfaces (x = 0, 0.3, 

or 0.7). Two types of temperature programmed reaction (TPR) experiments were performed: pre-

exposure temperature programmed reactions (PE-TPR) as well as continuous-exposure 

temperature programmed reactions (CE-TPR). The main products observed in both types of 

experiments were CO, CO2, H2O, acetaldehyde, and ketene (ethenone).   In acetic acid CE-TPR 

experiments with 1:1 co-dosing of oxygen, the surfaces showed ketene production in the order of 

LaMnO3(100) >  La0.7Sr0.3MnO3(100)  > La0.3Sr0.7MnO3(100).  The presence of oxygen increased 

the relative amount of ketene produced. The results are consistent with ketene being formed by a 

dehydration mechanism, with that pathway suppressed if there are too many surface oxygen 

vacancies. The effect of Sr substitution can be explained as increasing the ease of (or initial 

quantity of) oxygen vacancies, thereby decreasing the amount of surface oxygens which ultimately 

inhibits both ketene formation and formation of the combustion-like products CO, CO2, and H2O. 

Our interpretation is that both of these routes are catalyzed by sites (or site ensembles) that include 

surface oxygens, which is consistent with other published studies.

1. Introduction

Reducible metal oxides can catalyze certain types of deoxygenation and dehydration 

reactions due to their polar surfaces and in some cases due to their ability to store and release 

oxygen. Consequently, reducible oxides are used in three-way catalysts, water-gas shift catalysts, 

and even solid oxide fuel cells.1-2 Additionally, when oxygen vacancies are created, the new sites 

created can alter the chemistry that transpires.3-4 At present, deoxygenation reactions of small 
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organic oxygenates is of interest.5 Some studies have been conducted on powders, but various 

insights have been gained by studies on single crystal samples, including thin films, using C1 and 

C2 oxygenates.3, 6-15 

When acetic acid and other carboxylic acids are used as reactants, there are several 

principal mechanisms for removal of the oxygen: ketonization, dehydration, and oxygen 

abstraction.9, 16-22 Ketonization reactions involve coupling, with the product being acetone when 

acetic acid is the reactant. Dehydration results in ketene (ethenone), deoxygenation results in 

acetaldehyde, and subsequent oxygen abstraction (from acetaldehyde) can then result in ethene.  

Each of the products mentioned have been observed over reducible metal oxides, with surface 

oxygen vacancies playing a role in the selectivity. For example, surface oxygen vacancies may 

adsorb certain molecules more strongly than the sites of an oxidized surface, and may remove 

oxygen from an aldehyde via oxygen abstraction.6, 23

In this study, La1-xSrxMnO3(100) perovskite thin films are used to study the reactions which 

occur in thermal catalytic conversion of acetic acid over these surfaces, to better understand the 

chemistry that is accessible over perovskite surfaces. Perovskites have the general formula ABO3. 

and are generally composed of alkaline, alkaline-earth, or lanthanide cations and transition metal 

cations. The alkaline or alkaline earth cations occupy the A position, while transition metals such 

as Ti, Mn, Co, Fe, Ni, and Cr occupy the B position.24-25  Use of perovskites enables modulation 

of the redox properties by substitution or doping of the cations.25-26 This study, involves studying 

the effect of substituting some La in LaMnO3 with Sr, and is conducted within the larger context 

of investigating which reactions occur during thermal catalysis of acetic acid reactions over La1-

xSrxMnO3(100) surfaces (x = 0, 0.3, or 0.7). This substitution is expected to increase the ease of 

oxygen vacancy formation,27 as will be discussed below.   In addition to the  chemical tunability 
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of perovskites, many perovskites tend to have high thermal stability, high ionic and (in some cases) 

electron conductivity, which has led to interest in their use for a variety of possible applications.24, 

28-29 Widespread studies of perovskite materials has increased in recent years, though the reactions 

of small organic molecules over perovskite surfaces is less studied than over binary metal oxides, 

due to the relatively recent increase in the synthesis of perovskite materials.

In this work, the reaction of acetic acid over three perovskite thin films are studied, La1-

xSrxMnO3(100) surfaces (x = 0, 0.3, or 0.7).  Two types of temperature programmed reaction 

experiments are used. In the first type of experiment, the surface is pre-exposed to acetic acid (to 

create adsorbates on the surface) followed by a temperature programmed reaction of the species 

on the surface.30  This first type of experiment with preexposure will be labeled PE-TPR.  In the 

second type of experiment, the surface is continuously exposed to acetic acid, with or without co-

exposed O2: a temperature programmed reaction is performed under this continuous exposure, in 

order to study quasi-steady state catalytic conversion over the surface.  This second type of 

experiment with continuous exposure will be labeled CE-TPR. As will be shown, we find that the 

selectivities are somewhat different between the PE-TPR and CE-TPR experiments, and the 

surfaces appear to have continuous activity in the CE-TPR experiments. The results are consistent 

with ketene being produced through a dehydration mechanism in a way that becomes partially 

suppressed in the absence of surface oxygen replenishment.

2. Methods

La1-xSrxMnO3 thin films were grown on 0.05% Nb-doped SrTiO3(100) (STO(100)) by pulsed laser 

deposition (PLD) at the Oak Ridge National Laboratory Center for Nanophase Materials Sciences 

through a user proposal, following previously established methods.31-32. The single crystal 

substrates were 10 x 10 x 1 mm2 and non-porous, resulting in ~1 cm2 of surface area in the final 
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samples. The effects of film roughness will be negligible for order of magnitude estimates of the 

surface area.33-34 The films were grown using La1-xSrxMnO3 targets of the desired composition 

with a laser fluence of ~1.5 J cm-2 while the substrate was heated up to 650 °C in a background 

pressure of 200 mTorr O2. The film growth was monitored by reflection high-energy electron 

diffraction (RHEED) that indicates a film thickness of ca. 20 nm. The single-crystalline nature of 

the LMO(100) film was determined by thin film X-ray diffraction (XRD) and the film thickness 

was confirmed by the thickness fringes in the high-resolution scans of the (002) diffraction peaks 

(“Epitaxy” software, Panalytical). An La0.7Sr0.3MnO3(100) (LSMO(100)) thin film of ca. 10 nm in 

thickness was grown epitaxially on a 0.05% Nb-doped STO(100) using PLD and conditions 

reported previously.31-32 Using the same methodology and characterization techniques, 

LaMnO3(100) and La0.3Sr0.7MnO3 were prepared as thin films grown on 0.05% Nb-doped 

SrTiO3(100) (STO(100)).  The RHEED data indicated film thicknesses of ca. 20 nm.

Experiments were performed in an ultrahigh vacuum apparatus at Oak Ridge National Lab, as 

described previously.35  The most pertinent details will be included here.  The base pressure of the 

instrument is typically between 1×10-10 and 4×10-10 Torr.  Films were oxidized under an oxygen 

flux equivalent to ~1 x 10-7 mbar at ~ 800 K for ~30 minutes between experiments.

The acetic acid was introduced using a cylindrical-tube directed gas doser with a 10 m diameter 

aperture.36 A high sticking coefficient (>0.30 for the zero coverage limit) is expected for acetic 

acid.37 For PE-TPR, acetic acid exposure was conducted at 190 K, with the temperature ramp going 

from 190 K to 800 K at 2 K s-1. During CE-TPR acetic acid exposure was started at 300 K, with 

the temperature ramp going from 300 K to 800 K at 1 K s-1.   Gases evolved were monitored with 

a Hiden HAL/3F 301 mass spectrometer.  The PE-TPR occurred in a “line-of-sight” geometry with 

the sample facing the ionization region of the mass spectrometer and within several centimeters of 
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it. For CE-TPR, the sample was facing the doser with a small gap between sample and doser (~1-

2 mm) with the angle between the sample face and the mass spectrometer ~ 90 degrees, and the 

temperature ramp was 1K  s-1. The general principles used during these CE-TPR experiments are 

described elsewhere,38 but will be briefly described here.   This geometry during CE-TPR ensures 

that >90% of the reactants initially collides with the sample, and that <<1% of the reactants have 

a direct line of site exposure to the mass spectrometer. Molecules that enter the chamber have a 

much lower chance of re-encountering the sample: a typical CE-TPR experiment has a flux 

equivalent to ~10-6 mbar on the sample, while the molecules that enter the rest of the chamber 

result in steady state chamber pressures during CE-TPR of ~10-8 mbar. This steady state of 

molecules in the chamber is effectively an ‘effluent’ flux, and is what the concentrations measured 

by the mass spectrometer reflect. The molecules in the ultrahigh vacuum chamber environment do 

not have a direct line of site to the sample face, and result in a flux on the sample that is < 2 orders 

of magnitude lower than the directed reactant flux on the sample face, and are thus negligible 

relative to the intentional dosing. 

The masses monitored during experiments were subsets of: 2, 14, 16, 18, 26, 27, 28, 29, 31, 32, 

42, 43, 44, 45, 58, 60.   The signals were baseline corrected.  These masses were assigned to the 

following molecules: 2 (H2 and other molecules), 14 (ketene), 16 (methane), 18 (H2O), 26 (ethyne 

and ethylene), 27 (ethylene), 28 (CO and other molecules), 29 (acetaldehyde, acetic acid), 31 

(ethanol), 42 (ketene, acetic acid), 43 (acetic acid), 44 (CO2 and other molecules), 45 (acetic acid), 

58 (acetone), 60 (acetic acid).  Reference patterns for the molecules were obtained from the NIST 

webbook.39 These resolved signals were then converted to resolved molecular concentrations 

(arbitrary units, but a common scale) based on correction factors determined using the method of 

Madix and Ko (an example calculation is provided in the reference cited).40 The data was then 
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plotted and smoothed to remove noise in OriginPro 2015. As can be observed in the graphs, 

‘imperfections’ in the data were retained by this smoothing, such that even features of much 

smaller width than the observed peaks were retained. 

In both the PE-TPR experiments and the CE-TPR experiments, the H2O signals are a little less 

than half what would be expected based on mass balance. The lower H2O signals are assumed to 

be from a combination of imperfections in the mass-spectrometry scaling factors, and from H2O 

being a more sticky molecule than the other molecules (i.e., H2O that is generated may stick to 

various metal surfaces in the chamber and thus result in decreased detected signals). Acetic acid 

has a long residual lifetime in the chamber due to being a very sticky molecule, and quantitative 

analysis of the acetic acid signals was not attempted for this reason.

3. Results and Discussion

3.1 PE-TPR with Acetic Acid on LaxSr1-xMnO3(100)

 Figure 1 shows the PE-TPR results following acetic acid adsorption on LaMnO3(100) 

(LMO), La0.7Sr0.3MnO3(100), and La0.3Sr0.7MnO3(100).  The traces shown in Figure 1 correspond 

to attributed gas-phase concentrations based on signals detected in the mass spectrometer. The PE-

TPR experiments produced water, CO2, CO, and ketene, as the major products; accompanied by 

the formation of some acetaldehyde and H2. These same products have been observed over 

CeO2(100), CeO2(111), UO2(111), TiO2(100), and Fe3O4, with the main peaks of the organic 

products generally observed under similar temperature ranges as in this study (550-750 K).9, 17, 21, 

41-42 For the experiments reported here, evidence of acetone and ethene formation were not 

observed. 
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Figure 1. Concentration normalized mass spectrometry signals during PE-TPR following the adsorption of acetic acid at 190 K 
from La1-xSrxMnO3(100) surfaces with (a) x = 0, (b) x = 0.3, and (c) x = 0.7. The traces for each molecule have been vertically 
shifted for clarity.

We begin our discussion of these results by considering the peaks observed in Figure 1 and 

the corresponding temperatures for those peaks. The temperatures of dosing and the subsequent 

temperature programmed reaction in these experiments were > 190K, and are thus expected to 

exclude any multilayer adsorption and desorption.17 Multilayer desorption of acetic acid would be 

expected to appear at < 190 K, if multilayers are present, and there is no CH3COOH peak seen at 

the start of heating in these experiments.17 The peak attributed to CH3COOH at ~230-300 K 

(appearing in Figures 1a through 1c) is less than 0.25 monolayers for each surface, based on carbon 

balance with the other products observed.  The two plausible interpretations of this CH3COOH 
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peak are that it arises from the desorption of a weakly adsorbed molecular acetic acid species, or 

that it arises from recombination of dissociated species (surface monodentate/bidentate acetates 

and hydrogen).43 We tentatively ascribe these signals as arising from recombination of surface 

acetates with surface hydrogens (Equation 1), which is consistent with our next point. As the 

surface temperature is increased to 300 K, water is produced on each of the surfaces studied. It has 

been shown that cerium oxide4, 44-45 and titanium dioxide46 produce water in similar temperature 

ranges via lattice oxygens and adsorbed hydrogen that originated from adsorbate dissociation 

(these hydrogens are commonly referred to as hydroxyls, as the hydrogens are adsorbed on surface 

oxygens). We therefore attribute the water produced to coming from two adsorbed hydrogens and 

a lattice oxygen (Equation 2), which is consistent with the interpretation that acetic acid adsorbs 

on LMO/LSMO dissociatively, as is common on metal oxides: 

CH3COOH (a) ↔ CH3COO (a) + H (a) (1)

2 H (a) + O (l) → H2O (g) + VO (2)

where species marked with (a) are adsorbed species, the O(l) is a lattice oxygen, and the VO is an 

oxygen vacancy.

This mechanism for H2O production would create oxygen vacancies that may further 

stabilize the adsorbed acetate. The  majority surface species that are present on the surface 

(presumed to be acetates17) undergo further reactions at higher temperatures (above 450 K) such 

as dehydration to form ketene, deoxygenation to form acetaldehyde, and oxidation to form gas-

phase CO, CO2, and H2O. In various temperature ranges, other minor products such as 

acetaldehyde are observed. Methane is either not produced or is produced only in very small 

quantities: as suggested by one of the reviewers, there may be a route where the CH3 group from 

some acetates give rise to surface carbon that subsequently becomes oxidized to produce CO2 (and 

H2O). 
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Very broadly speaking, the TPR spectra can be divided into two temperature regions: some 

sets of products are observed at < ~450 K while most of the products are observed at > ~450 K.  

To aid in further discussion, the integrals of the signals of various products are shown in Figure 2 

for these two temperature ranges. 

Figure 2. Integrated product distribution from PE-TPR of acetic acid on LaMnO3(100), La0.7Sr0.3MnO3(100), and 
La0.3Sr0.7MnO3(100) surfaces (a) below 450 K and (b) above 450 K. The bars heights represent the total amount produced, 
proportional to the number of molecules.

The integrals that have been consolidated in Figure 2 exhibit the product distributions from 

PE-TPR from acetic acid for the temperature regions below and above 450 K on the three surfaces.  

Comparison of Fig. 2a with 2b demonstrates that most of the gas phase products are observed 

above 450 K, with the main low temperature product being the ‘low temperature’ water production 

discussed earlier. At >450 K, CO, CO2, and H2O become the major products.  It is interesting that 

these products, normally associated with combustion, are the dominant products for acetic acid 

PE-TPR over each of the surfaces in these experiments. The C:O ratio in acetic acid is the same as 

in CO, so it would be stoichiometrically possible to produce solely CO and H2. However, that is 

not the kinetically favored route: H2O and CO2 are observed in addition to CO, which indicates a 

mechanistic route that is combustion-like (that is, towards nonselective oxidation47).  Given that 
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there is no gas-phase supply of oxygen, the product distribution suggests that lattice oxygens are 

involved in the production of the gas phase molecules observed. This implies that oxygen 

vacancies are also being created at the surface of the catalyst even in the higher temperature region 

of the PE-TPR, by a combustion-like mechanism, though these vacancies may migrate to the 

interior. Published reports indicate that reducible oxides are known to perform decarboxylation of 

carboxylic acids (to produce CO2) accompanied by H2O formation and the loss of surface oxygens, 

consistent with the results reported here.48  As pointed out by one of the reviewers, there is a 

possibility that the PE-TPR product distribution could be affected by carbon deposited on the 

surface. The amount of C deposited by such a pathway would be between 0-2 carbons per C 

producing acetic acid molecule, given that the most extreme C producing stoichiometry would still 

be balanced (CH3COOH  2C + 2H2O). Future studies may help to clarify whether any C is 

created and then removed before (or remains after) the highest temperatures of these PE-TPR 

experiments. 

During these PE-TPR experiments, there is no opportunity for the molecules to re-adsorb 

on the surface. This means that the high temperature conversion to CO, CO2, and H2O production 

all occurs within a single “surface residence”, wherein the molecule likely goes through several 

surface intermediates (potentially each being very short-lived) before producing the gas phase 

products observed. The observation of CO, CO2, and H2O among the major products is consistent 

with similar experiments over CeO2(111) and CeO2(100),9, 17 though on the cerium oxide surfaces 

the aldehyde and acetone make a relatively larger component of the product distribution (acetone 

was not observed during the experiments over La1-xSrxMnO3(100) in the present work).  The Sr 

appears to affect the selectivity observed in PE-TPR.  The two Sr containing samples displayed 

increased low temperature H2O production during PE-TPR relative to the sample without Sr (by 
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approximately a factor of 2 for production at < 450 K, as can be seen in Figure 2a).  The samples 

containing Sr produced less COx containing species at >450 K during PE-TPR: the La0.3Sr0.7MnO3 

sample produced ~80% less CO and ~40% less CO2 relative to the LaMnO3 species. The low 

temperature enhancement in H2O production can be explained by Sr facilitating lattice oxygen 

removal, which is consistent with the literature results, as will be discussed later in the manuscript. 

There is not a monotonic trend for the higher temperature H2O production in Figure 2b. However, 

interpretation of the high temperature H2O production can be better explained if the mechanism 

for ketene formation is a dehydration mechanism, as discussed in the next paragraph.

We believe the ketene production is occurring by a dehydration mechanism: that is, that 

the mechanism from acetic acid to ketene involves loss of atoms without addition of atoms, and 

that the oxygen in the ketene is one of the oxygens originally in the acetic acid. We first note that 

it is useful to interpret these results after considering those observed for conversion of acetic acid 

PE-TPR using CeO2(111) with various extents of reduction (various amounts of oxygen 

vacancies).17  CeO2(111) and the thin films used in this study are relatively easily reducible oxides, 

and may have similar chemistry.  The CeO2(111) results showed that greater extent of surface 

reduction suppressed water formation, suppressed ketene formation, and enabled acetaldehyde 

production. Electron sputtering of UO2(111) to create oxygen vacancies also suppressed ketene 

formation from that surface.42 The results observed over CeO2(111) and UO2(111), that reduction 

suppresses ketene formation may be counterintuitive to some readers (since it requires removal of 

oxygen from the acetic acid), but is explained by a dehydration mechanism17 if “too many” oxygen 

vacancies suppress the dehydration mechanism to ketene.  The currently accepted mechanism for 

catalytic conversion of acetic acid to ketene over metal oxides does involve a lattice oxygen as the 

adsorption site of hydrogen in Equation 1,9, 18, 42, 49-51 with this lattice oxygen site becoming empty 
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again when H2O is formed and desorbs (the final step in the catalytic cycle for conversion of acetic 

acid to ketene and water).  If we assume that a dehydration mechanism is in fact responsible for 

ketene, this can explain the high temperature H2O trend observed in Figure 2b. In this case, there 

are 2 mechanisms for water production: the ketene mechanism, and the combustion-like 

mechanism(s). The sample with the greatest amount of Sr, La0.3Sr0.7MnO3(100) surface shows the 

greatest ketene production in these PE-TPR experiments, while the other two samples show greater 

CO and CO2 production (combustion-like pathway), resulting in similar levels of high temperature 

water production from each of the three samples. For these experiments, Sr substitution appears to 

push the reactivity towards the ketene route at the expense of the combustion-like route. We note 

that this may not be due to making the combustion route harder to access: the observed trend may 

be due to the nature of the surface intermediates present at those temperatures. Recognizing the 

possibilities of intermediate depletion, we performed continuous exposure experiments, the results 

of which are presented in the next section. 

3.2 CE-TPR with Acetic Acid on La1-xSrxMnO3(100) with and without CE of O2

To investigate the reactivity of acetic acid on the three thin-film surfaces in the absence 

or presence of a continuous supply of O2, we performed continuous exposure temperature-

programmed reaction (CE-TPR) experiments while dosing the reactant gases onto the pre-

cleaned LaMnO3, La0.7Sr0.3MnO3, and La0.3Sr0.7MnO3 surfaces. During the CE-TPR experiments, 

the acetic acid flux was equivalent to ~10-6 Torr of gas molecules colliding with the surface and 

the O2 flux was set equal to either 0% or 100% of the acid flux through pre-mixing of the gases 

and co-dosing the gases. CE-TPR differs from PE-TPR due changes in the distributions and total 

coverage of surface species present during experiment: this results in different product 

selectivities observed in CE-TPR relative to PE-TPR, including due to surface coverage effects52-
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53 on the kinetics. The data obtained during the CE-TPR experiments are from a continuous 

detection of gas phase species that are effectively the effluent of a flow-type experiment. At any 

point in Figures 3 to 5, the surface is at a quasi-steady state with continuous exposure of reactant 

and continuous pumping of products and unreacted molecules. The thin films are not expected to 

act as an endless supply of oxygen, and this is one reason that the CE-TPR experiments with 

oxygen may have different quasi-steady state selectivities.
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Figure 3. Concentration normalized mass spectrometry signals during CE-TPR of acetic acid on LaMnO3(100) with the O2 
concentration set equal to (a) 0% or (b) 100% of the acetic acid concentration.  

Figure 3 shows the results of CE-TPR when no Sr is substituted into the LaMnO3 

perovskite thin film. As shown in Fig. 3a for the case when no O2 is present, reactions of acetic 

acid on LMO produce ketene, CO2, CO, and water as the major products; accompanied with the 

formation of some acetaldehyde, H2, and a trace amount of methane (not shown). Evidence of 

acetone and ethene formation was not observed. With the surface temperature below ~720 K, the 

gas-phase product is dominated by CO2. As the temperature increases the dehydration pathway 

dominates and mostly forms ketene.  When O2 is added the trends are similar, with increased 

activity. Acetaldehyde is again a minor product both in the absence and presence of O2. The 
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production of CO2 dominates the overall reaction at < 700 K, but ketene becomes dominant at 

higher temperatures.

To investigate the effect of Sr substitution on the acetic acid oxidation, we next performed 

reaction studies of acetic acid on the La0.7Sr0.3MnO3(100) surface. As shown in Figure 4, CO2 is 

the most abundant product at both low and high temperatures. Outside of the increase CO2 

production, the results are qualitatively similar to those over LMO, with oxygen increasing the 

quantity of gas phase products, particularly for CO2 and ketene.
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Figure 4. Concentration normalized mass spectrometry signals during CE-TPR of acetic acid on La0.7Sr0.3MnO3(100) with the O2 
concentration set equal to (a) 0% or (b) 100% of the acetic acid concentration.  

 Figure 5 shows the results of acetic acid CE-TPR over La0.3Sr0.7MnO3 in the absence and 

presence of O2. Unlike what was observed on the other surfaces, the presence of O2 does not greatly 

affect the formation of ketene and acetaldehyde, but does appear to hinder the production of H2, 

suppresses the trace methane formation and appears to increase the amount of CO2 formed. As 

suggested by one of the reviewers, there may be a route where the CH3 group from some acetates 

give rise to surface carbon that subsequently becomes oxidized to produce CO2 (and H2O). 
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Figure 5. Concentration normalized mass spectrometry signals during CE-TPR of acetic acid on La0.3Sr0.7MnO3(100) with the O2 
concentration set equal to (a) 0% or (b) 100% of the acetic acid concentration.  

The above results can be interpreted as meaning that, in the context of continuous 

exposures above 750 K, readily available oxygen increases the extent of catalytic reaction while 

Sr substitution seems to decrease the extent of catalytic reaction – this possibility is explored 

further below. Figure 6 displays the product distribution during oxidation of acetic acid at 650 K 

and 800 K with/without O2 for the 3 surfaces. At 650 K, the less Sr-substituted and non-Sr 

substituted surfaces are more active in producing CO2. At a higher surface temperature, all three 

surfaces become much more reactive towards the major products of CO2, CO, H2O, and ketene. 

The most substituted surface, La0.3Sr0.7MnO3, has the least effect from introducing O2. In 

conjunction with the other results reported: the weak effect of oxygen could mean that oxygen 

vacancies are not created, on this surface, or it could mean Sr increases the ability for the surface 

to receive oxygen from the bulk so rapidly that gas phase oxygen is not required.  Such an 

interpretation is also consistent with the previously noted conjecture (section 3.1) that O2’s role in 

promoting ketene production is to fill surface oxygen vacancies, thereby preventing the formation 

of “too many” surface oxygen vacancies (though one would expect that filling vacancies would 

also promote the combustion-like route, as will be discussed further). It is clear from comparing 

Figure 6b and Figure 6d that increased oxygen results in increased products, including ketene (this 
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will be explored further below). Looking across all four panels in Figure 6, the trends with Sr 

substitution are not strictly monotonic: in some cases 0% substitution has the highest activity, 

while in other cases the 30% substitution has the highest activity. However, in most cases in Figure 

6 the highest Sr substitution has the lowest activity. In particular, the ketene formation at 800 K 

with oxygen co-dosing shows a clear trend of decreased ketene formation when more Sr is present 

(Figure 6d). We explore the trends from Sr substitution further in the next figure and paragraph.

Figure 6. Product distribution from CE-TPR of acetic acid over LaMnO3(100), La0.7Sr0.3MnO3(100), and La0.3Sr0.7MnO3(100) 
surfaces with the O2 concentration set equal to 0% or 100% of the acetic acid concentration.  Panels on top show the results with 
no oxygen, panels on bottom show the results with oxygen. The panels on left show the production at the lower temperature 
chosen of 650 K, while the panels on bottom show the production at the higher temperature chosen of 800 K. The bars heights 
represent the scaled quasi-steady state amount of product, proportional to the number of molecules.
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Figure 7 plots trends for product formation as a function of Sr substitution during CE-TPR 

at 650 K and 800 K with and without O2. Figure 7a shows the absolute production of carbon 

containing products, Cx(Hy)(Oz) taken as the sum of the absolute carbon products scaled by the 

number of carbons (that is, by a factor of 2 for acetaldehyde, a factor of 2 for ketene, a factor of 1 

for CO, and a factor of 1for CO2). The reactant, acetic acid, is not regarded as a product in CE-

TPR, and is therefore excluded from the sums in Figure 7a.  Figure 7b shows the absolute 

production of ketene (no factor of 2).  Figure 7c shows the ketene selectivity based on the quantity 

of ketene produced divided by the factor in 7a (the factor is included in the numerator, as this is 

based on the selectivity per Carbon atom).  We see multiple trends. A)  Sr decreases the total 

amount of conversion of acetic acid to other carbon containing species, with the exception of one 

data point (Figure 7a).  B) There is more ketene production at  800 K than at 650 K: Figure 7b 

shows that the absolute production of ketene is an order of magnitude higher, and Figure 7c shows 

that the selectivity towards ketene is roughly doubled. C) There is more ketene production with 

oxygen than without oxygen (Figure 7b).  D) When oxygen is present, the Sr substituted samples 

have a decreased ketene production relative to the non-substituted sample: the most Sr substituted 

sample studied (70% substitution) showed approximately 30% less ketene production than the 

non-substituted sample. This decrease in ketene as a function of Sr substitution is not primarily 

due to a change in selectivity: the ketene selectivity changes only on the order of 10% with Sr 

substitution, as shown in Figure 7c.  Therefore, the decrease in ketene with Sr substitution is 

primarily due to the general decrease in activity with Sr substitution (Figure 7a). 

The data are consistent with the following interpretation: Sr substitution may make surface 

oxygen vacancy formation easier and/or occur in greater quantities, and this may decrease both the 

ketene and combustion-like routes (the former due to the type of surface intermediate needed, and 
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the latter due to needing surface oxygen). Literature reports indicate that Sr substitution into 

LaMnO3 to make La1-xSrxMnO3(100) does not directly introduce oxygen vacancies but makes 

oxygen vacancy formation more thermodynamically favored,54-58 and may also favor the vacancies 

‘segregating’ towards the surface.54  Similarly, previous results show that introducing Sr into  La1-

xSrxCoO3 enhanced the oxygen exchange kinetics.27  There is some evidence that Sr segregation 

to/near the surface plays a role in these types of Sr substituted perovskite systems.54, 59 If Sr makes 

vacancy formation easier, this explains the increased low temperature H2O observed during PE-

TPR, Figure 2a.  During CE-TPR experiments, the Sr could similarly thus cause a higher steady-

state of oxygen vacancies which would reduce the activity towards both the combustion-like route 

and the ketene route (since both require lattice oxygen sites). However, we note that there is at 

least one exception in the data to the expected behavior from this interpretation: in Figure 6, the 

30% Sr substitution case seems to have more combustion-like activity than the 0% substitution 

case, indicating that the activity and selectivity must have additional factors involved that are not 

accounted for in this simplistic interpretation. The fact that the selectivity does not change 

dramatically in Figure 7c suggests that the role of Sr is not to alter the transition state in ketene 

formation: this is consistent with the interpretation of the primary effect from Sr substitution being 

to ease the creation of and/or quantity of oxygen vacancy formation. Sr substitution is predicted to 

facilitate vacancy formation not only for LaMnO3, but also other related perovskites,56, 58, 60  and 

these observations  about the effects of Sr substitution on catalyzed acetic acid reactions may thus 

be predictive of the effects of Sr substitution over related perovskites.



20

Figure 7. Trends observed in production as a function of Sr substitution during CE-TPR.  Lighter symbols without co-dosing of 
oxygen, darker symbols with co-dosing of oxygen.  Blue symbols  650 K, red symbols 800 K. The vertical axis is absolute 
production or selectivity based on signals proportional to the number of molecules, calculated as described in the text.

3.3 Selectivity Towards Ketene Rather than Possible Products Not Observed

In the present study’s experiments, evidence of acetone formation was not observed. Given 

the elements in the materials studied here, and given that this study investigated single collision 

events, we will devote a paragraph to compare the results here to those obtained over other metal 

oxide surfaces. Acetone formation from thermal catalysis of acetic acid has been observed over 

various metal oxide powders, including La2O3, CeO2, Pr6O11, Nd2O3, Eu2O3.61-63 Multiple 

mechanisms have been proposed for the ketonization of carboxylic acids over oxides.20, 61, 63-65 The 

main possibilities for mechanisms include either a pair of acetates reacting with each other66 versus 

a mechanism in which one of the reactants goes through a ketene-like intermediate63, 65, 67.  It is 

conceivable that in the powder experiments that ketene could re-adsorb, such that gas phase 

molecular ketene would be an intermediate towards acetone. However, CeO2 and TiO2 surface 

science experiments observe acetone even without readsorption,9, 17-18, 21 suggesting that  the lack 

of acetone observed over LSMO(100) and LMO(100) is due to genuine selectivity differences 

relative to other oxides rather than due to the lack of re-adsorption.  Additionally, Martinez et. al. 

conducted experiments with varying contact times over TiO2, where it was seen that the selectivity 

did not change towards acetone with contact time, indicating that (at least the major pathway 
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towards acetone) is not via ketene re-adsorption.68 Literature publications reported evidence that 

the deoxygenation to produce acetaldehyde occurs by a Mars van Krevelen oxygen vacancy 

mechanism,21, 69-70 and that the ketene and ketone production occur by a different pathway.  The 

literature results are thus in agreement with the present study’s results under the following 

interpretation: the ketene producing mechanism occurs with the participation of at least one non-

reduced site, and the lack of acetone in this study is not due to lack of re-adsorption of ketene. 

Based on the literature reports on cerium oxide and titanium dioxide, there appear to be distinct 

kinetic pathways to ketene and acetone formation (though these may share a common ketene-like 

intermediate).71 There is evidence that the number of coordination vacancies of the cations at the 

surface is involved in determining selectivity: that multiple coordination vacancies per cation leads 

to ketonization, and that single coordination vacancies per cation leads to ketene.47-48, 72 Another 

factor which has been used to successfully correlate the selectivity towards ketene is the Madelung 

potential, as experienced by the metal cations and the oxygen ions in the oxide lattice.42 The 

Madelung potentials experienced by the O and the Mn in LaMnO3 are reported to be ~+22.5 eV 

and ~-37.5 eV, respectively.73  Comparison to Table III of Reference 42 suggests that this type of 

Madelung potential combination is very similar to that of UO2(111), and should result in a very 

high selectivity to ketene during PE-TPR, relative to acetaldehyde and acetone. The results of this 

work are consistent with that prediction, though the high prevalence of the combustion-like 

mechanism differs from the other oxides in Table III of Reference, 42 indicating that there is at 

least one other dimension of complexity that needs to be accounted for in addition to the Madelung 

potential. 

Based on the above considerations, the lack of acetone observed in this study is thus 

attributed to a genuine selectivity difference relative to other oxides, with LMO(100) and 
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LSMO(100) favoring ketene rather than acetone.  Therefore, we anticipate that the same unusually 

high selectivity towards ketene would be observed over LMO and LSMO powders, where the 100 

face is expected to be dominant from thermodynamic considerations. Ketene (ethenone) has been 

observed in experiments of acetic acid thermal decomposition74 as well as from catalytic 

conversion over some catalytic powders at elevated temperatures,41, 72, 75 and lowering the 

temperatures of ketene production with high selectivity could be of practical significance.71-72, 76-

78  Ketene is a relatively unstable and reactive molecule,79-81 and thus relatively short/controlled 

contact times may be required to for quantitative detailed studies on the formation of ketene 

formation using catalytic powders.

4. Conclusions

Two types of temperature programmed reactions were performed with acetic acid over LaxSr1-x

MnO3(100) Surfaces (x = 0, 0.3, or 0.7); pre-exposure temperature programmed reactions (PE-

TPR) as well as continuous-exposure temperature programmed reactions (CE-TPR).  The main 

products observed in both types of TPR experiments are Acetaldehyde, CO, CO2, H2O, and 

Ketene.  The CO, CO2, and H2O products dominate in the PE-TPR experiments (when integrated 

across the whole temperature range of the experiment).  Low temperature (< 450 K) water 

production was observed in PE-TPR experiments: this is consistent with results of other oxides 

that suggest that hydrogen atoms produced by dissociation of the adsorbate then form water by 

extraction of a surface lattice oxygen.  In the CE-TPR experiments, the combustion-like products 

(CO, CO2, and H2O) dominate at the “lower” temperature range of ~650 K, with ketene production 

gradually becoming significant as a function of temperature until ketene is one of the main 

products at 800 K.  In CE-TPR experiments, ketene production is enhanced by the presence of 

oxygen.  In the CE-TPR experiments with oxygen present, the surfaces were most active to least 
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active in the order of LaMnO3(100) > La0.7Sr0.3MnO3(100)  > La0.3Sr0.7MnO3(100). Sr substitution 

had a weaker effect on selectivity than activity.  The effects of Sr substitution can be explained in 

both the PE-TPR and CE-TPR experiments by Sr substitution facilitating the formation of surface 

oxygen vacancies, without as greatly affecting the transition states towards the main reaction 

pathways. The results are consistent with surface oxygen vacancies suppressing a dehydration 

ketene formation, due to partial removal of the type of sites where ketene formation is catalyzed.
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