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ABSTRACT 

The surface chemistry and catalytic activity of small alcohols (methanol, ethanol, propan-2-ol) 

were studied over LaMnO3(100) and La0.7Sr0.3MnO3(100) thin films. The observed C-containing 

products corresponded to products typically associated with dehydrogenation (methanal, ethanal, 

propanone), dehydration (ethene, propene), and oxidation (COx). No coupling products were 

observed. Two types of temperature programmed reaction experiments (TPR) were performed: 

Pre-exposure TPR (PE-TPR) experiments in which the reactant is pre-adsorbed and the 

temperature is then ramped, as well as continuous exposure TPR (CE-TPR) experiments during 

which the reactants are continuously introduced and the temperature is ramped. Mechanistic 

pathways are proposed based on the results and literature, including removal of lattice oxygens 

by surface hydrogens, organic intermediates adsorbed in oxygen vacancies, C-H bond breaking 

by alkoxy disproportionation reactions, and direct C-H bond breaking. The vacancy related 

pathways are suppressed by the Sr substitution. The data are interpreted to indicate that Sr 

substitution causes vacancies to bind adsorbates less strongly, resulting in decreased catalytic 

activity for the vacancy mediated reactions in the study. Sr substitution increases the ratio of 

alkene production to aldehyde/ketone production. Catalytic turnover frequencies are reported for 

the C-containing products for the temperatures of 650 and 750 K for both surfaces. 
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1. Introduction  

 ABO3 perovskite-type mixed oxide catalysts are increasingly studied due to their great 

flexibility with respect to tailoring their redox properties and their efficiency in the oxidation of 

hydrocarbons1-3 and other species3-6. In some cases, perovskites have been suggested as an 

alternative to metal catalysts.7 The role of the A-site’s rare-earth ions (Ln) in the reducibility and 

the behavior of the oxygen in the perovskite’s structure has been studied by Misono and co-

workers in the context of oxidation of propane and methanol.8 They found that the trivalent rare-

earth elements had no effect while the B-site metal played a primary role in controlling the 

catalytic activity for oxidation.9 However, the partial substitution of A cations by lower valence 

cations could result in the generation of structural defects, such as anionic (O-vacancies) or 

cationic vacancies.1, 10-11 For example, a partial substitution of La by Sr would be expected to 

decrease the energy of formation corresponding to B cation vacancies or oxygen vacancies to the 

perovskite structure, thereby facilitating oxygen transport and reducibility.8, 12-14 The surface 

chemistry in the presence of such substitutions, and the role of the O-vacancies in surface 

chemistry is not yet well studied. 

 The chemical reactions of interest include partial oxidation of alcohols to produce 

aldehydes, ketones, or acids (for chemicals production). Complete oxidation of organic 

oxygenates is also of interest for vehicular and other air pollution control. There are publications 

in the literature suggesting that the adsorption and reaction of simple alcohols on metal oxide 

catalysts can be used as fundamental chemical probe reactions.15-19 For example, it has been 

suggested that methanol undergoes dehydration to form dimethyl ether on acidic surface sites 

and dehydrogenation on redox/basic sites to produce methanal or CO2.
19 However, detailed 
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studies of chemistry on reducible oxides provide greater chemical complexity than this simple 

picture would suggest, when vacancies are present.14, 18, 20-36 

 In this work, two compositions of perovskite thin films, LaMnO3(100) and 

La0.7Sr0.3MnO3(100) are studied for reactions with methanol, ethanol, and propan-2-ol. Two 

different types of temperature programmed reaction measurements were conducted, during 

which the gas phase is monitored for reactant and product molecules. In pre-exposure 

temperature programmed reaction (PE-TPR), often referred to as temperature programmed 

desorption, less than one monolayer of reactant is adsorbed and then the sample temperature is 

ramped while monitoring the gas phase species evolved. This type of experiment evaluates the 

strength of interaction between the alcohol and the surface, the stability of surface-bound 

intermediates, and the reaction products of those intermediates. In continuous exposure 

temperature programmed reaction experiments (CE-TPR) the surface is continually exposed to 

reactant gas while the sample temperature is increased. The study includes continuous exposure 

experiments with O2 in the feed as well without O2 in the feed. The CE-TPR experiments enable 

observing pathways and catalytic activity that occur via short-lived surface species at elevated 

temperatures, which are not necessarily observable in PE-TPR. The CE-TPR experiments also 

enable constant chemical potential across the experiments for varying ratios of reactants (in this 

case, the alcohol : O2 ratio). The objective of this study is to explore how the reactivity and 

selectivity of these alcohols varies after 30% substitution of La with Sr, and also to provide 

insights about the chemical mechanisms that transpire on these perovskite surfaces.  

2. Experimental and Characterization 

 A model LaMnO3(100) (LaMnO3(100)) catalyst was prepared as a thin film grown on 

0.05% Nb-doped SrTiO3(100) (STO(100)) by pulsed laser deposition (PLD).14 The film was 
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grown using an LaMnO3 target 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 indicated an LaMnO3 film thickness of 

~ 20 nm. The single-crystalline nature of the LaMnO3(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  – 2 scans of the (002) diffraction peaks (“Epitaxy” software, Panalytical). An 

La0.7Sr0.3MnO3(100) thin film of was grown to a thickness of ~ 20 nm on a 0.05% Nb-doped 

STO(100) by PLD using the same conditions, as reported previously.14, 37 Thus, both films were 

~20 nm in thickness. Atomic force microscopy and RHEED images are available in reference 14. 

Excitation energy dependent XPS was conducted on Beamline 23-ID-2 (CSX-2) at NSLS 

II. The La 4d (~ 100 eV), Sr 3d (~130 eV) and Mn 3s (~80 eV) were monitored at different 

photon energies. The core levels have similar binding energies and therefore similar escape 

depths at the photon energies utilized. The ratios of the integrated intensities were determined 

and normalized to the ratio measured at the highest photon energy where the ratio presumably 

reflects the composition of the cations in the bulk. These ratios are shown in Fig. 1. 
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Figure 1. Excitation energy dependent XPS of the Sr 3d, La 4d, and Mn 3s photoemission peaks 

indicate that the surface of LaMnO3(100) and La0.7Sr0.3MnO3(100) surfaces are each enriched in 

Mn relative to La, and that the surface of La0.7Sr0.3MnO3(100) is enriched in Sr.  

 

For LaMnO3(100) the ratio of La to Mn decreases at smaller photon energy indicating 

that the La concentration is lower than the Mn concentration at the surface than it is in the bulk. 

For La0.7Sr0.3MnO3(100) the Sr to Mn ratio is greater at smaller photon energies indicating that 

Sr is enriched at the surface relative to the composition in the bulk. The La to Mn ratio is smaller 

at the surface compared to the bulk but the difference is not as great as in LaMnO3(100). This is 

likely due to the decreased Mn concentration at the surface. We are not aware of a systematic 

study for such thin films grown by pulsed layer deposition, these enrichments may not be true of 

all thin films prepared by the same method and with the same nominal composition. For the two 

samples being studied, it would be expected that the samples have an Mn layer termination 

(rather than La layer termination)38-39. The observation that the sample with Sr substitution has 
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some level of enrichment within the layers near the surface (relative to the bulk), is consistent 

with prior40-43 publications. There can, in general, be changes in the stability of the terminating 

layer/phase as a function of the oxidation potential.44-47 There may also be some form of 

strontium oxide particles (“islands”) on the surface,40-43 though Sr islands blocking a portion of 

the surface would not be sufficient to explain the qualitative differences observed below. 

Prior to temperature programmed reaction experiments, the model surfaces were first 

cleaned by oxidation in ~10-6 Torr of O2 at 800 K for at least 30 min. XPS measurements at the 

synchrotron indicated that this treatment was sufficient to remove C from the surface. The 

oxidized surface was then exposed to ~ 7 L of alcohol from an effusive doser48 at 190 K. This 

temperature was chosen to be slightly higher than the typical multilayer desorption temperatures 

of the alcohols.49 During temperature-programmed reaction experiments, the gas phase 

molecules were monitored using a Hiden HAL/3F 301 mass spectrometer at Oak Ridge National 

Lab (ORNL). The PE-TPR experiments occurred in a “line-of-sight” normal direction50 

geometry with the sample face ~2 cm away from the mass spectrometer aperture and the 

temperature was ramped at 2 K/s. During these experiments, the sample was biased -70 V to 

prevent electrons generated by the mass spectrometer ionizer from stimulating reactions at the 

surface.27, 51-52 For CE-TPR experiments, alcohol and O2 were mixed in a stainless steel ballast 

with the ratio of alcohol:O2 as either 1:0 or 1:1 before directly dosing onto the surface through 

the effusive gas doser. The 1:1 ratio thus refers to backing pressure but can be considered as 

nominal 1:1 ratio regarding the effective pressures experienced by the surface. Based on gas 

uptake measurements at low temperature, and on the rate of pressure decrease in the ballast, the 

effective pressure on the samples were on the order of ~10-6 torr. The fluxes on the samples are 

dependent on reactant mass and are calculated to be 8.73 x 1018 molecules m-2 s-1, 7.27 x 1018 
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molecules m-2 s-1, and 6.39 x 1018 molecules m-2 s-1 for methanol, ethanol, and 2-proponal, 

respectively. Knowledge of the flux of reactants and products along with the number of surface 

sites enables turnover frequencies to be calculated.53 During CE-TPR, the temperature was 

ramped at 1 K/s from an initial temperature of 300 K.  

Reactants and products were monitored with the following representative masses: H2 

(m/z = 2), H2O (m/z = 18), CH2=CH2 (m/z = 27), CO and others (m/z = 28), CH3CHO (m/z = 

29), CH2O (m/z = 30), CH3OH/CH3CH2OH (m/z = 31), CH3CH=CH2 (m/z = 41), CO2 (m/z = 

44), CH3CH(OH)CH3 (m/z = 45), CH3C(O)CH3 (m/z = 43 and 58). The data were smoothed 

prior to analysis. Overlapping fragments, such as methanol and methanal at Mass 30 or ethene 

and CO at Mass 28, were corrected by subtracting a known proportion of a unique mass from the 

overlapping mass. For example, 1.6 times the value of the signal at Mass 27 was subtracted from 

the signal at Mass 28 to remove the ethene contribution at Mass 28. The resulting intensities 

were converted to relative concentrations by multiplying the corresponding PE-TPR traces by 

scale factors according to the method proposed by Ko and Madix.54 Though this method enables 

converting mass spectrometry signals to relative concentrations, there is some error: based on our 

experience, on the order of 30% error is not unusual, and thus perfect mass balance is not 

expected. Improving the scaling method is one direction of research in our group. 

3. Results and Discussion 

3.1. Reactions of Methanol on LaMnO3(100) versus La0.7Sr0.3MnO3(100) 

 Methanol is a commonly used alcohol for studying catalysis over metal oxides with the 

intent of gaining fundamental information about the chemistry and the nature of the active 

sites.18-19, 55 The temperatures at which products are observed in PE-TPR provide information 
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that can be used to assess the most likely rate-limiting steps during chemical conversions.24 Here, 

we initially employ methanol as a probe molecule to explore the catalytic activity of the two 

perovskite single-crystal surfaces, then move to ethanol and propan-2-ol.  

3.1.1. PE-TPR of Methanol 

Fig. 2 shows the PE-TPR results following methanol adsorption at 190 K on 

LaMnO3(100) and La0.7Sr0.3MnO3(100).  

  

Figure 2. PE-TPR spectra following the adsorption of methanol at 190 K on pre-oxidized (a) 

LaMnO3(100) and (b) La0.7Sr0.3MnO3(100).  

 

Based on the temperature range, the methanol desorption peak at ~270 K from 

LaMnO3(100) in Fig 1a is likely due to desorption of molecularly adsorbed methanol and/or 

from recombination of adsorbed methoxy and surface hydrogen (Eq. 1).20, 22, 24, 38, 56-57 One of the 

reviewers pointed out that if this alcohol is produced via a recombination reaction, the peaks for 

gas phase alcohol should shift to higher temperatures with lower initial coverages, in accordance 

with expectations for a TPR with a second order reaction between surface species.58 While we 
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did not systematically study the effects of coverage dependence, we did obtain some data to 

ensure that the pre-exposures being used were adequate: those data are shown in the supporting 

information and do show the expected trend for a recombination reaction (that lower coverages 

result in a higher peak maximum temperature). The presence of methoxy from dissociation of 

methanol is also supported by the observation that water is produced below 300 K which results 

from the reaction of surface hydrogens with lattice oxygen (Eq. 2):35, 56, 59-60 such surface 

hydrogens are generated from dissociative methanol adsorption.20-21, 23, 38, 57 As a result, the 

consumption of surface hydrogens creates O vacancies, which may further stabilize methoxy 

groups present on the surface.21, 61-62 The methoxy groups present undergo further reactions at 

higher temperatures including methoxy disproportionation to form methanal: based on 

theoretical results obtained over cerium oxide, the mechanism is likely via Eq. 3) at ~300 K and 

likely via Eq. 5) at ~500 K.21 The mechanism proposed for methanal production is a redox 

mechanism, consistent with prior characterization of methanol reactions on oxides.19 For Eq. 5), 

the reaction is written as producing an aldehyde in an O-vacancy, as the methanol attributed to 

Eq. 5) is observed at a slightly lower temperature than the aldehyde, and this interpretation is 

consistent with calculations on cerium oxide.21 The > ~500 K temperature range is also sufficient 

that there may a contribution from direct21, 34-35, 59, 61-64 CH bond breaking from an alkoxy in an 

O-vacancy (Eq. 6).  

CH3OH (g) + O2- (l) + My+ (l) ⇌ (CH3O)---My+ (a) + H+--O2- (a) (1) 

H+--O2- (a) + H+--O2- (a) → H2O (g) + O2- (l) + VO  (2) 

2 ( (CH3O)---My+ ) (a) + 2 My+ (l) →  

(CH3OH)--My+ (a) + H2CO--My+ (a) + 2 M(y-1)+ (l) 
(3) 

(CH3O)---My+ (a) + VO → (CH3O)---VO (a) + My+ (l) (4) 

(CH3O)---My+ (a) + (CH3O)---VO (a) + 2 My+ (l) →  

(CH3OH)--My+ (a) + H2CO--VO (a)+ 2 M(y-1)+ (l) 
(5) 
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(CH3O)---VO (a) +  O2- (l) + 2 My+ (l) → H2CO--VO (a) + H+--O2- (a) + 2 M(y-1)+ (l) (6) 

H2CO--VO (a) → H2CO (g) + VO (7) 

 

 In the above equations, species marked by (g) represent gas phase species, species 

marked by (l) represent lattice species, and species marked by (a) represent an adsorbed state in 

which the species on the left side of the double-dash is the adsorbate and the species on the right 

side of the double-dash is a lattice species or lattice vacancy.  VO represents an oxygen vacancy 

and My+ (l) represents a lattice cation.  The ‘charges’ shown on the adsorbates and lattice species 

represent those associated with oxidation states and not true charges. In interpreting the oxidation 

states shown, it should be recognized that the oxidation state of O has a value of -2 in both 

(CH3O)- and CH3OH, and that this notation does not indicate any gain (or loss) of electron 

density for the oxygen. Similarly, the oxidation state of each hydrogen in CH3OH and also in H+  

is the same: the notation of H+ does not indicate any loss (or gain) of electron density. In the 

equations, additional surface cations are utilized for oxidation state charge balance and do not 

imply full charge transfer. How oxidation state notation is applied for adsorbates on oxide 

surfaces is further discussed in the supporting information. We note that the surface adsorbed 

hydrogens and also the surface alkoxy adsorbates are more likely20, 23, 38 closer to net zero charge 

per adsorbate rather than unit charge, but still have partial charges.   

Methanol recombination and reaction by the above pathways seems to occur on 

La0.7Sr0.3MnO3(100) as well, as seen in Fig. 2b. There is less H2O produced over the 

La0.7Sr0.3MnO3(100) sample than over LaMnO3(100) sample: as such, it seems that fewer O 

vacancies are created on La0.7Sr0.3MnO3(100) to help stabilize the adsorbed methoxy. This may 

be the reason for less production of methanal at higher temperatures (500 – 600 K) on 

La0.7Sr0.3MnO3(100) (Fig. 2b), relative to what is observed on LaMnO3(100) (Fig. 2a). The 
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decreased H2O production (if occurring by Eq. 2) does not necessarily mean decreased 

thermodynamic reducibility as a result of Sr incorporation: a decrease of Eq. 2 may be due to a 

kinetic limitation,21, 35, 59 regardless of whether the Sr increases the facility of reduction. The CO 

and CO2 that are produced above 750 K may result from the oxidation of a small amount of 

dehydrogenated C species or carbonate type species. 

 

3.1.2. CE-TPR of Methanol with and without O2 

We investigated the reactivity during the continuous exposure of methanol on the two 

thin-film surfaces with and without O2. Temperature-programmed reaction (CE-TPR) 

experiments were performed while dosing the reactant gases onto the pre-cleaned LaMnO3(100) 

and La0.7Sr0.3MnO3(100) surfaces. During the experiments, the methanol flux was 8.73 x 1018 

molecules m-2 s-1, equal to a pressure of 2.44 x 10-6 Torr (3.25 x 10-4 Pa) with respect to the 

number of molecules colliding with the surface per unit time. The O2 concentration was set at 

either 0% or 100% of the methanol concentration. The green dotted lines in Fig. 3 indicate the 

response for a methanol “blank” to assess methanol consumption.  
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Figure 3. CE-TPR of methanol on LaMnO3(100) and La0.7Sr0.3MnO3(100) with the methanol:O2 

ratio set at 1:0 or 1:1. a) LaMnO3(100) and Ratio of 1:0, b) La0.7Sr0.3MnO3(100) and ratio of 1:0, 

c) LaMnO3(100) and Ratio of 1:1, d) La0.7Sr0.3MnO3(100) and ratio of 1:1. 

 

As shown in Fig. 3a, in the absence of O2, methanol on LaMnO3(100) produced CO and 

H2 as the major products accompanied by smaller amounts of H2CO, H2O, and CO2. The onset of 

methanol depletion is at ~520 K, which coincides with the production of methanal and water. 

Although the activity is low, the selectivity initially favors methanal. The water formation is 

likely with hydrogens produced when methanol dissociatively adsorbs on the surface. The water 

formation occurs with removal of lattice O: in the absence of oxygen, this pathway is not 

sustainable, and that may be the reason for the downturn of H2O production above 750 K in Fig. 

3a (the downturn in H2O production does not occur in the presence of oxygen, in Fig. 3c). The 



 

 14 

continued acceleration of H2CO production with temperature could be due to the surface 

reverting back to a redox character by O diffusion from the bulk to the surface, or could be due 

to direct CH bond breaking21, 34-35, 59, 61-64 occurring at higher temperatures.  

During the reaction of methanol on La0.7Sr0.3MnO3(100) (Fig. 3b), the onset of noticeable 

methanol depletion shifts to a higher temperature (~580 K) compared to the reaction of methanol 

on LaMnO3(100) -- and at all temperatures the products’ intensities are significantly smaller than 

those during the reaction of methanol on LaMnO3(100) (note the change in scale in Fig. 3b 

compared to Fig. 3a). This indicates that the Sr substituted sample has less reactivity for 

methanol conversion under these conditions. The ratio of H2CO/CO is greater on 

La0.7Sr0.3MnO3(100) than on LaMnO3(100): while this can be interpreted as another sign of less 

reactivity, this observed selectivity towards less oxidized products may be a desirable trait for 

some applications. As on LaMnO3(100), the rate of CO and H2 formation on 

La0.7Sr0.3MnO3(100) increases significantly with surface temperature. 

In the presence of O2, the relative product ratios change. On LaMnO3(100), as shown in 

Fig. 3c, The production of H2CO starts at a lower temperature (~500 K), which could be 

attributed to the fact that O is filling in O-vacancies created by water desorption thus enabling 

the Eq. 3) to be sustained, which may have a lower activation energy than Eq. 5).21, 35 The feature 

which resembles a local maximum at ~650 K in Fig. 3c was reproducible. At higher 

temperatures, above 730 K, the effect of oxygen on methanal production has largely disappeared, 

though H2 production is suppressed. The data is consistent with the O2 filling O-vacancies, which 

can have two consequences on the hydrogen production: a) decreasing O-vacancy assisted 

pathways to H2 formation, and b) enabling some of the surface hydrogen intermediates to react 

with lattice oxygen when it is available to produce H2O. The changes in product distribution may 
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again be affected by the diffusion of oxygen from the bulk to the surface, with an increasing 

influence possible as the temperature approaches 800K. The influence of O2 during the reactions 

of methanol on La0.7Sr0.3MnO3(100) is much less evident than on LaMnO3(100).  

3.2. Reactions of Ethanol on LaMnO3(100) versus La0.7Sr0.3MnO3(100)  

 The introduction of a C-C bond into the alcohol opens new possibilities for the reaction 

products during catalysis that are not present during the oxidation of methanol on the perovskite 

surfaces. For example, dehydration of ethanol will result in the formation of a C=C double which 

isn’t possible for C1 methanol molecules. More complete oxidation to CO and CO2 requires 

cleavage of the C-C bond in addition to the dehydrogenation of the C-H bonds. Investigations in 

complete oxidation of ethanol to CO2 and H2O have attracted attention due to the demand for an 

efficient decontamination of exhaust pollutants produced by alcohol-fueled vehicles.65-66 Further, 

the partial oxidation of ethanol has been studied to develop processes to produce ethanal or 

acetic acid.67-68  

3.2.1. PE-TPR of Ethanol 

 PE-TPR spectra following ethanol adsorption at 190 K on oxidized LaMnO3(100) and 

La0.7Sr0.3MnO3(100) are shown in Fig. 4.  
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Figure 4. PE-TPR spectra following the adsorption of ethanol at 190 K on pre-oxidized (a) 

LaMnO3(100) and (b) La0.7Sr0.3MnO3(100).  

 

On LaMnO3(100) (Fig. 4a) ethanol desorbs in a broad peak, with a low temperature 

feature centered around 275 K and a second feature extending to ~500 K. The ethanol desorption 

observed is similar to what was observed with methanol, though the feature extending to 500K is 

more pronounced with ethanol. There are trace amounts of ethanal, ethene, and water desorbing 

below 400 K. A large fraction (> 10%) of the C-containing products is observed to be ethanal 

produced between 400 K and 600 K: this could be from Eq 9, 11 or 12. As was the case for 

methanol, there is an alcohol peak / shoulder observed at a slightly lower temperature than the 

aldehyde (~425 K versus ~500K). The temperature range where the aldehyde product is 

observed suggests that an aldehyde intermediate is bound in an O-vacancy, produced either from 

a disproportionation type reaction with an alkoxy oxygen as the hydrogen acceptor (Eq. 12) or 

from a direct C-H bond breaking that occurs with the lattice oxygen as the hydrogen acceptor 

(Eq. 13). Note that although ethanal is the dominant pathway, there is little H2 observed. This is 

presumably because the stoichiometrically produced H reacts with lattice O of the pre-oxidized 
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sample to produce water (along with O vacancies). At the same time, new water production is 

observed at ~575 K in quantities greater than was observed with methanol, and the new water is 

correlated with alkene production. The water is thus likely to be at least partially from 

stoichiometry equivalent to alcohol dehydration to alkene (such as Eq. 16 followed by Eq. 9). 

Given the significant ~500 K aldehyde production without concomitant H2 production, the 

higher temperature H2O could also indicate that there is a pathway via a pair of reactions with 

stoichiometry equivalent21, 69 to disproportionation, without being a true disproportionation. For 

example (as mentioned), we cannot exclude the possibility that the 500 K aldehyde comes from 

direct21, 34-35, 59, 61-64 CH bond breaking from an alkoxy in an O-vacancy (Eq. 13). Similar to 

methanol, we arrive at the following set of chemical reaction equations (with reaction 2 

reproduced as Eq. 9 for clarity). The notation is as described below Eq. 7. 

CH3CH2OH + O2-(l) + My+(l) ⇌ (CH3CH2O)---My+ (a) + H+--O2- (a) (8) 

H+--O2- (a) + H+--O2- (a) → H2O(g) + O2-(l) + VO  (9) 

2 ( (CH3CH2O)---My+ ) (a) + 2 My+ (l) →  

(CH3CH2OH)--My+ (a) + CH3CH2O--VO (a) + 2 M(y-1)+ (l) 
(10) 

(CH3CH2O)---My+ (a) + VO → (CH3CH2O)---VO (a) + My+(l) (11) 

(CH3CH2O)---My+ (a) + (CH3CH2O)---VO (a)  + 2 My+ (l) → 

(CH3CH2OH)--My+ (a) + CH3CHO--VO (a) + 2 M(y-1)+ (l) 
(12) 

(CH3CH2O)---VO (a) + O2-(l) + 2 My+ (l) → 

CH3CHO--VO (a) + H+--O2- (a) + 2 M(y-1)+ (l) 
(13) 

CH3CHO--VO (a) → CH3CHO (g) + VO (14) 

Masses associated with the alkene (ethene) are produced in two ranges: 300-400K and 

500-650 K. It is plausible for alkene formation to either go through or not go through an 

aldehyde intermediate. In either case, the proximity of the alkene and water peaks in Fig. 3a are 

consistent with some portion of the alkene production occurring from alkoxy and other 
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intermediates with conventional dehydration stoichiometry, likely via surface hydrogen 

intermediates (e.g., Eq. 16 followed by Eq. 9).  

CH3CHO--VO (a) + 2 M(y-1)+ (l) → CH2CH2 (g) + O2-(l) + 2 My+ (l)  (15) 

(CH3CH2O)---VO (a) + O2-(l) → CH2CH2 (g) + O2-(l) + H+--O2- (a)   (16) 

When the surface temperature rose above 600 K, oxidation of surface intermediates to 

combustion-like products occurred: CO, CO2, and H2O. These O-rich products stoichiometrically 

require reduction of LaMnO3(100) and could thus not be catalytically sustained without an 

oxygen source.  

On La0.7Sr0.3MnO3(100) (Fig. 4b), the same reactions may be present, but the selectivity 

observed is more strongly biased towards < 400 K ethanol desorption (the same trend between 

surfaces as was observed for methanol). Given the differences observed, LaMnO3(100) appears 

to show more redox activity for these pathways relative to La0.7Sr0.3MnO3(100), with the former 

behaving more like CeO2(111) than the latter.24-25 

 

3.2.2. CE-TPR of Ethanol with and without O2 

The reactivity during the continuous exposure of ethanol on the two thin-film surfaces 

was investigated with and without O2 by CE-TPR. The ethanol flux was equivalent to that of 

7.27 x 1018 molecules m-2 s-1, equal to a pressure of 2.44 x 10-6 Torr (3.25 x 10-4 Pa) with respect 

to the number of molecules colliding with the surface per unit time. The O2 concentration was set 

at either 0% or 100% of the ethanol concentration. The results are shown in Fig. 5, along with 

the ‘blank’ ethanol signal to assess ethanol consumption. 
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Figure 5. CE-TPR of ethanol on LaMnO3(100) and La0.7Sr0.3MnO3(100) with the ethanol:O2 

ratio set at 1:0 or 1:1. a) LaMnO3(100) and Ratio of 1:0, b) La0.7Sr0.3MnO3(100) and ratio of 1:0, 

c) LaMnO3(100) and Ratio of 1:1, d) La0.7Sr0.3MnO3(100) and ratio of 1:1. 

 

 On LaMnO3(100) in the absence of co-fed O2 (Fig. 5a), dehydration of ethanol dominates 

and ethene is formed as the major product. This is perhaps surprising considering the observation 

that dehydrogenation to ethanal was the dominant reaction path observed in PE-TPR (Fig. 4a). 

This switch from dehydrogenation in PE-TPR to dehydration in CE-TPR is likely due to the 

reduction of the surface during the ethanol reaction and the concentration of surface species as 

the reduction occurs. Initially dehydrogenation may be the dominant pathway, but this is 

transient with reduction occurring rapidly resulting in ethene as the dominant product. The 

sustained production of CH3CHO in greater quantities when oxygen is present in the range of 
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400-800 K (Fig. 5c) supports this interpretation. It is tempting, and overly simplistic, to conclude 

that the dominance of ethene indicates that the surface is acidic. Presumably less electron-

deficient Mn3+ is less acidic than Mn4+. However, the O vacancy makes the Mn under-

coordinated. This stabilizes the ethoxy intermediate, hence the products appear at a higher 

temperature in CE-TPR compared to PE-TPR, and the surface competes with the adsorbate for 

the O. Also note that it is easier to dehydrate ethanol (to break the C-O bond and remove H, 

which produces a stable product, ethene) than it is to dehydrate methanol which requires 

coupling to produce a stable product. 

On La0.7Sr0.3MnO3(100) in the absence of oxygen (Fig. 5b), the onset of ethanol depletion 

is at ~600 K which is about 100 K higher than that on LaMnO3(100), and the reactant 

consumption and total product intensities are considerably smaller, indicating less reactivity of 

ethanol on La0.7Sr0.3MnO3(100) than on LaMnO3(100) (note the change in scale). The ethene to 

ethanal ratio is lower on La0.7Sr0.3MnO3(100) than on LaMnO3(100) during CE-TPR (Fig. 5a 

versus Fig. 5b and Fig. 5c versus Fig. 5d). While it may be counterintuitive, this result is actually 

in line with the observation of greater ethanal production over LaMnO3(100) during PE-TPR at 

~500 K (Fig. 4a vs Fig. 4d): the ethene in Fig. 5 and the ~500 K aldehyde in Fig. 4 are each 

representative of products from intermediates in oxygen vacancies. The decrease in ethene 

formation in Fig. 5 is thus interpreted as being due to fewer intermediates in vacancies (likely 

due to fewer vacancies) during reaction conditions. The observation of more CO, CO2, and H2O 

over LaMnO3(100) relative to La0.7Sr0.3MnO3(100) additionally suggests greater steady state 

oxygen redox cycling for the LaMnO3(100) sample. Other than these significant differences, the 

qualitative behavior observed is similar for the LaMnO3(100) and La0.7Sr0.3MnO3(100) samples.  
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In the presence of O2, the product selectivities change over LaMnO3(100). The presence 

of oxygen increases the COX formation, aldehyde formation, and the > 700K alkene formation. 

The presence of oxygen suppresses the formation of H2 relative to H2O (in contrast to what was 

observed for methanol). The suppression of H2 formation may be due to the dehydration pathway 

that has opened to form the alkene, such that less hydrogen reaches the surface. Effectively, 

ethene production (with water as a co-product) may deplete the intermediates which would 

otherwise lose hydrogen in abstraction steps to make H2. In both the absence and the presence of 

O2, the H2 and aldehyde productions go through maxima. The maxima of the aldehyde 

production are likely due to competition with the alkene pathway, suggesting that the alkene 

pathway has a higher activation energy (which is consistent with the PE-TPR experiments). 

Although the alkene is likely produced from intermediates in O-vacancies, the presence of 

gaseous oxygen increases alkene production:  presumably this is due to having increased activity 

with the right ‘balance’ of O-vacancies to surface lattice oxygens, as the surface lattice oxygens 

can perform hydrogen abstraction (such as in Eq. 16).  The decrease of H2 production as the 

temperature is raised even further is presumably due to the temperature becoming high enough 

that surface H are able to directly extract lattice oxygens, similar to what has been observed over 

cerium oxide.70 Over La0.7Sr0.3MnO3(100) the presence of oxygen similarly increases the COX 

formation, aldehyde formation, and the > 700K alkene formation.  

3.3. Reactions of Propan-2-ol on LaMnO3(100) versus La0.7Sr0.3MnO3(100) 

 The adsorption and reaction of propan-2-ol has been used as a probe of acid-base 

properties on metal oxides.71-73 As with ethanol, dehydration of propan-2-ol to produce propene 

occurs on acidic substrates. However, on reducible oxides, vacancies can abstract oxygen to form 

the alkene (with multiple elementary steps that can have the same stoichiometry as dehydration). 
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Dehydrogenation is known to occur on reducible oxides, and the hydrogen removed can either 

produce H2 or H2O, with the carbon containing products ranging from the ketone to COX species. 

Of interest is whether the carbonyl formation can still occur with the same vacancy assisted 

mechanism given the branched alcohol. As with methanol and ethanol, we present the results of 

the PE-TPR experiments followed by those of the CE-TPR experiments. 

3.3.1. PE-TPR of Propan-2-ol 

 Fig. 6 shows PE-TPR spectra following propan-2-ol adsorption at 190 K on oxidized 

LaMnO3(100) and La0.7Sr0.3MnO3(100).  

  

Figure 6. PE-TPR spectra following the adsorption of propan-2-ol at 190 K on pre-oxidized (a) 

LaMnO3(100) and (b) La0.7Sr0.3MnO3(100). 

The desorption of propan-2-ol and water from LaMnO3(100) between 190 and 400 K are 

similar to what was observed for ethanol (Fig. 4a). Fig. 6a shows that propan-2-one is a major C-

containing product between 400 and 600 K (analogous to the CH3CHO peak in Fig. 4a). Both 

low temperature (~300 K) and high temperature (~550 K) water peaks are observed, as was 

observed for ethanol in Fig. 4a. As with ethanol, there are likely two different sources of the H2O: 

now, from alkene production (propene in Fig. 6a) with stoichiometry equivalent to conventional 
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alcohol dehydration (more obvious in Fig. 6a than in Fig. 4a), but also still the water that 

originates from hydrogen extracted from alkoxies combining with surface O. As with ethanol, a 

portion of higher temperature H2O (~600 K) could be associated with a pathway for ketone 

formation via a pair of reactions with stoichiometry equivalent21, 69 to disproportionation, without 

being a true disproportionation. For example, we cannot exclude the possibility that the ~500 K 

ketone comes from direct21, 34-35, 59, 61-64 CH bond breaking from an alkoxy in an O-vacancy (Eq. 

13). Similar to ethanol, we arrive at the following set of chemical reaction equations (with 

reaction 8 reproduced as Eq. 18 for clarity). Despite being a branched alcohol, the chemistry 

seems to be similar to that of ethanol. We assume that the alkoxy binds to VO
 and My+ sites via 

the oxygen, resulting in the reactions below. Eq. 2 is again reproduced as Eq. 18 for clarity and 

the notation is as described below Eq. 7. 

CH3CH(OH)CH3 + O2-(l) + My+(l) ⇌ (CH3CH(O)CH3)
---My+ (a) + H+--O2- (a) (17) 

H+--O2- (a) + H+--O2- (a) → H2O (g) + O2-(l) + VO  (18) 

2 (CH3CH(O)CH3)
---My+ (a) + 2 My+ (l) →  

CH3CH(OH)CH3--M
y+ (a) + CH3COCH3--M

y+ (a) + 2 M(y-1)+ (l) 
(19) 

(CH3CH(O)CH3)
---My+ (a) + VO → (CH3CH(O)CH3)

---VO (a) + My+(l) (20) 

(CH3CH(O)CH3)
---My+ (a) + (CH3CH(O)CH3)

---VO (a) + 2 My+ (l) → 

CH3CH(OH)CH3--M
y+ (a) + CH3COCH3--VO (a) + 2 M(y-1)+ (l) 

(21) 

(CH3CH(O)CH3)
---VO (a) + O2-(l) + 2 My+ (l) →  

CH3COCH3--VO (a) + H+--O2- (a) + 2 M(y-1)+ (l) 
(22) 

CH3COCH3--VO (a) → CH3COCH3 (g) + VO (23) 

As the surface continues to be heated, the surface intermediates decompose to form CO and CO2, 

similar to what was observed with ethanol. The amount of reaction products on 

La0.7Sr0.3MnO3(100) is much less than that on LaMnO3(100), which could be attributed to 

weaker interactions between propan-2-ol and the La0.7Sr0.3MnO3(100) surface. This speculation 
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is consistent with what we observed during methanol and ethanol adsorption in Section 3.1 and 

3.2.  

3.3.2. CE-TPR of Propan-2-ol with and without O2 

 The reactivity of propan-2-ol over LaMnO3(100) and La0.7Sr0.3MnO3(100) was further 

investigated with CE-TPR while the surface was exposed to alcohol with or without O2, as 

shown in Fig. 7. The alcohol flux was 6.39 x 1018 molecules m-2 s-1, equal to a pressure of 2.44 x 

10-6 Torr (3.25 x 10-4 Pa) with respect to the sample surface. 

  

  

Figure 7. CE-TPR of propan-2-ol on LaMnO3(100) and La0.7Sr0.3MnO3(100) with the propan-2-

ol:O2 ratio set at 1:0 or 1:1. a) LaMnO3(100) and Ratio of 1:0, b) La0.7Sr0.3MnO3(100) and ratio 

of 1:0, c) LaMnO3(100) and Ratio of 1:1, d) La0.7Sr0.3MnO3(100) and ratio of 1:1. 
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In the absence of O2, dehydration and dehydrogenation of propan-2-ol begins at ~500 K 

to produce propan-2-one, propene, H2 and water. As the surface is heated further, propan-2-one 

and molecular hydrogen production increases above 520 K. During heating LaMnO3(100) (above 

~650 K), surface hydrogens can react with lattice oxygens and create oxygen vacancies. The 

presence of these oxygen vacancies could stabilize the propoxy intermediate on the surface 

enabling the greater activity observed at ~650 K.  

On La0.7Sr0.3MnO3(100), propan-2-ol is much less reactive than on LaMnO3(100) but still 

more active than methanol or ethanol on La0.7Sr0.3MnO3(100), which is illustrated by the 

intensities of the reaction products. In the absence of O2, the major products are propene, propan-

2-one, and water. At < 650 K, the formation rates of propene and propan-2-one are similar and 

the dehydration pathway is already competitive to the dehydrogenation mechanism, suggesting 

that the activation energy of breaking the  C-H bond and the C-O bond is comparable to that of 

breaking the  C-H bond.56 Instead of combining with adsorbed hydrogen to produce molecular 

H2
 directly, H released from breaking the  C-H bond is generally assumed to be bound with the 

lattice O to form surface hydrogens, which can then go on to make H2 or H2O. The reaction with 

lattice oxygen of surface hydrogens dominates H consumption below 570 K, as exhibited in Fig. 

7b. The desorption of water creates oxygen vacancies that stabilize surface intermediates from 

propan-2-ol on La0.7Sr0.3MnO3(100). Above 650 K, there is more CO and CO2 production than 

over LaMnO3(100).  

 When O2 is present, propan-2-one production is more visible before 500K over 

LaMnO3(100), and is accompanied by the formation of water, presumably due to reaction of 

surface hydrogen with lattice oxygen. When the surface is further heated, propene and H2 

production become visible, along with increased propan-2-one and H2O production. Due to the 
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replenishment of lattice oxygens by O2, more lattice O is available and more COx species are 

observed, along with more H2O, suggesting combustion-like pathways. The decrease in the rate 

of H2 and propan-2-one production somewhat mirrors the increasing rate in water, COx and 

propene formation: this may occur from a combination of surface hydrogens removing lattice 

oxygens, as well as simply due to the selectivity shift that occurs when more lattice oxygens are 

present (towards dehydration-type and combustion-like pathways). For CE-TPR on 

La0.7Sr0.3MnO3(100) in the presence of O2, the results are similar: increased alkene and COx 

production, at the expense of propan-2-one. 

3.4. Summary of Trends Observed Across the Experiments and Interpretation 

The trends observed across the experiments are largely consistent with published results 

from other reducible metal oxides, and a general summary of the common mechanistic pathways 

is provided here. At < 300K during PE-TPR, there is desorption of alcohols from molecular or 

recombination of alkoxy and hydrogen. Low temperature water production from hydroxy and 

lattice oxygen (250 K - 350K). One of the reviewers pointed out that if this alcohol is producing 

via a recombination reaction, the peaks for gas phase alcohol should shift to higher temperatures 

with lower initial coverages, in accordance with expectations for a TPR with a second order 

reaction between surface species.58 While we did not systematically study the effects of coverage 

dependence, we did obtain some data to ensure that the pre-exposures being used were adequate. 

Those data are shown in the supporting information and do show the expected trend of the peak 

maximum shifting to higher temperature with lower coverages. Low temperature C-H bond 

breaking, presumably by disproportionation of pairs of adsorbates on non-vacancy sites, to 

produce alcohol and aldehydes/ketones (250-350K). For alcohols longer than C1, the 

intermediates of this mechanism may also go on to produce some alkenes in this temperature 
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range. Higher temperature C-H bond breaking occurs, presumably by disproportionation 

reactions with at least one of the adsorbates in an O-vacancy site (yielding 400-600K alcohol + 

aldehyde/ketone). This 400-600 K pathway is prominent for LaMnO3(100), and relatively 

suppressed for La0.7Sr0.3MnO3(100). The intermediates of this mechanism (surface alkoxies in 

vacancies) may also go on to produce some alkenes in this temperature range.36 At > ~500 K 

temperature range there may also be a contribution from direct CH bond breaking from an 

alkoxy in an O-vacancy (Eq. 6).  

 On La0.7Sr0.3MnO3(100), the alcohol desorption peaks increase in broadness with alcohol 

chain length: methanol < ethanol < propan-2-ol. Therefore, the residence times of the alcohols 

increase in this order, likely partially due to more dispersive interactions with longer chain 

lengths74-78. The stronger binding of the C3 intermediates relative to the C2 intermediates results 

in more COx from propan-2-ol relative to from ethanol. However, methanol produces the most 

COx species of the three alcohols: it may be that the dehydration pathway provides an outlet for 

strongly bound intermediates that prevents the more complete oxidation/composition. The lack 

of C-C bond breaking to produce COx species from methanol may also play a role in the greater 

quantity of COx species observed with methanol. 

 In the previous sections, PE-TPR results have shown that the alcohols are the primary 

products on both LaMnO3(100) and La0.7Sr0.3MnO3(100), though this does not necessarily imply 

a lack of chemical reaction. The observed water formation is interpreted as being partially due to 

reaction of surface hydrogens with lattice oxygen, which creates oxygen vacancies and reduces 

the surface. During the course of the experiment, as water is produced with stoichiometric 

production of O vacancy sites, adsorbates can shift into O-vacancy sites into more strongly 

bonded states. The observation in Fig. 4 and Fig. 6 that the peak production of alkenes occurs at 
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higher temperature than that of the aldehydes/ketones is consistent with this interpretation: 

adsorbates more strongly bonded by their oxygen (within O-vacancies) can then break the C-O 

bond to make alkenes. The differences in temperatures of the major products in PE-TPR suggest 

that breakage of  C-H bonds is easier than that of C-O or  C-H bonds on both surfaces, similar 

to published studies on cerium oxide.21, 23, 34-35, 38, 59, 63 The extent of products observed increased 

in the order of methanol < ethanol < propan-2-ol, probably due to a combination of longer 

alcohols having stronger adsorption strengths and also more electron donation from the carbon 

backbone. 

The CE-TPR experiments show the same products as PE-TPR, but with sustained 

production at primarily higher temperature ranges. At the temperatures at which products are 

observed in CE-TPR, >500 K, it is likely that direct C-H bond breaking occurs, and also that 

lattice oxygens are incorporated into the COx and H2O species by Mars-Van Krevelen type 

reactions.70  Given that direct C-H bond breaking may play a role at > 500K in CE-TPR, the 

pathways that are dominant at the <500K during PE-TPR experiments may become less relevant 

under continuous production at >500K. Based on 1.04 x 1019 surface cations per m2,38 the 650 

and 750 K turnover frequencies for the CE-TPR experiments are provided in Table 1 (obtained 

from the product molecules produced per site per second, based on the fluxes). These 

quantitative values reflect the selectivity and the activity described above, and can thus be used 

for comparison in kinetic modeling79 studies to gain mechanistic insights into operative pathways. 

  



 

 29 

 

Table 1. TOFs for C-containing products over LaMnO3(100) at 650 K and 750 K with alcohol 

flux equal to 3.25 x 10-4 Pa 

 
Alcohol 

(Reactant) 

 
Product 

Without O2 With 1:1 O2 

650 K 
TOF(s-1) 

750 K 
TOF(s-1) 

650 K 
TOF(s-1) 

750 K 
TOF(s-1) 

Methanol CO 1.82 x 10-1 9.87 x 10-1 1.54 x 10-1 9.50 x 10-1 

 CO2 3.66 x 10-2 8.87 x 10-2 6.21 x 10-2 7.41 x 10-2 

 H2CO 8.76 x 10-2 2.07 x 10-1 2.10 x 10-1 2.39 x 10-1 

Ethanol CO < 3.0 x 10-2 3.28 x 10-2 < 3.0 x 10-2 1.00 x 10-1 

 CO2 3.80 x 10-2 6.53 x 10-2 < 1.0 x 10-2 6.18 x 10-2 

 CH3CHO 3.72 x 10-2 < 3.0 x 10-2 < 1.0 x 10-2 6.18 x 10-2 

 CH2CH2 6.84 x 10-1 9.28 x 10-1 4.64 x 10-1 1.04 x 100 

Propan-2-ol CO < 1.0 x 10-2 < 3.0 x 10-2 9.96 x 10-2 1.30 x 10-1 

 CO2 < 3.0 x 10-2 3.02 x 10-2 < 3.0 x 10-2 3.31 x 10-2 

 CH3COCH3 1.13 x 10-1 4.11 x 10-2 1.10 x 10-1 4.18 x 10-2 

 CH2CHCH3 9.53 x 10-1 9.14 x 10-1 8.63 x 10-1 1.04 x 100 

 

 

 

Table 2. TOFs for C-containing products over La0.7Sr0.3MnO3(100) at 650 K and 750 K with 

alcohol flux equal to 3.25 x 10-4 Pa 

 
Alcohol 

(Reactant) 

 
Product 

Without O2 With 1:1 O2 

650 K 
TOF(s-1) 

750 K 
TOF(s-1) 

650 K 
TOF(s-1) 

750 K 
TOF(s-1) 

Methanol CO < 3.0 x 10-2 1.08 x 10-1 < 3.0 x 10-2 1.12 x 10-1 

 CO2 < 3.0 x 10-2 < 3.0 x 10-2 < 3.0 x 10-2 < 3.0 x 10-2 

 H2CO 4.62 x 10-2 9.50 x 10-2 4.70 x 10-2 1.07 x 10-1 

Ethanol CO < 1.0 x 10-2 < 3.0 x 10-2 < 1.0 x 10-2 < 3.0 x 10-2 

 CO2 < 1.0 x 10-2 < 3.0 x 10-2 < 1.0 x 10-2 < 3.0 x 10-2 

 CH3CHO 3.05 x 10-2 4.44 x 10-2 4.56 x 10-2 5.49 x 10-2 

 CH2CH2 < 3.0 x 10-2 1.02 x 10-1 4.58 x 10-2 2.05 x 10-1 

Propan-2-ol CO 3.27 x 10-2 4.79 x 10-2 < 3.0 x 10-2 7.92 x 10-2 

 CO2 < 3.0 x 10-2 < 3.0 x 10-2 < 3.0 x 10-2 4.42 x 10-2 

 CH3COCH3 8.49 x 10-2 1.08 x 10-1 4.87 x 10-2 8.81 x 10-2 

 CH2CHCH3 1.47 x 10-1 2.03 x 10-1 1.21 x 10-1 1.89 x 10-1 
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During CE-TPR, COx products were observed in significant sustained quantities. There is 

evidence that oxidation of organic species with LaMnO3 perovskites may be limited by the 

oxidation potential at the surface (rather than by C-H bond breaking, for example).72 Yet, a 

directly competing factor, the presence of oxygen vacancies, may be necessary to bind surface 

species strongly enough at > 500 K, and thus the existence of oxygen vacancies may be more 

important for absolute activity.  

The effects of Sr substitution in this study are thus worth considering. Partial surface 

blocking by Sr surface phases could account for part of the decrease in activity decrease in 

activity but would not be expected to show the same chemistry due to the lack of reducibility of 

Sr, and we thus consider how Sr substitution may affect the chemistry. The Sr substitution in 

LaMnO3 is expected to make a more easily reducible surface and/or increase the number of 

oxygen vacancies.40, 66, 80-82 Yet in these experiments, products that are likely produced through 

adsorbates in vacancies are decreased. Prior to considering plausible interpretations, we note that 

in these experiments, both for PE-TPR and CE-TPR, not only the selectivity but also the activity 

may be influenced by surface residence times. One plausible explanation for why the Sr surface 

shows less activity in CE-TPR and PE-TPR is that at <10-4 Torr gas flux equivalent (including 

the case of no gas flux), the La0.7Sr0.3MnO3 surface may be largely devoid of surface species, 

leading to less reduction. Whereas over LaMnO3, the surface residence times may be long 

enough to allow greater observed reactivity. A second plausible explanation may be related to 

the stability of the vacancies themselves: the Sr substituted perovskite may have more easily 

formed vacancies, but if the vacancies are more stable, they may bind adsorbates less strongly 

(again leading to less reactivity). The same trend of decreased overall activity with Sr 

substitution was observed for acetic acid conversion to ketene and combustion like products.14 
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Acetic acid is likely to bind sufficiently strongly to the surface that the latter plausible 

explanation may be the most credible: Sr substitution may result in vacancies that are less 

strongly binding, and thus less likely to affect the electronic structure of adsorbate molecules. 

Such an interpretation is chemically reasonable and has the important (but expected) implication 

that strategies to increase O-vacancy production by substitution may not always result in greater 

O-vacancy mediated catalytic activity. There may be increased oxygen transport from Sr 

substitution,68, 83 though we doubt this plays a major role in the results of the present study (note 

that if oxygen transport was limiting, then we would expect higher oxidation activity from Sr 

substitution, which is not consistent with our results, and thus it is not likely that oxygen 

transport is limiting for the present study). Further studies are merited to better understand why 

Sr substitution decreases the overall activity. The situation may be further complicated if 

reconstruction occurs: studies of perovskite reconstruction with various pretreatments show that 

the perovskite surfaces tend to be enriched by A cation upon reconstruction with the formation of 

oxygen vacancies.84-86 The extent of the Mn enrichment at the surface may also play a role.43 

The presence of oxygen increased the relative yield of alkenes which are dehydration 

products (oxygen also increased a dehydration type pathway in experiments with acetic acid14). 

Given that the oxygen in the H2O comes from the alcohol for dehydration pathways (either 

directly or indirectly), the role of surface oxygen is likely to be that of a hydrogen acceptor for 

O-H bond breaking and C-H bond breaking. The mechanism presented here, with surface oxygen 

involved in H-abstraction during the dehydration pathway (to form alkenes) and not only the 

dehydrogenation pathway (to aldehydes/ketones) is in line with studies over cerium oxide34, 63. 

While surface oxygens play a role, we presently believe that most of the chemistry observed 

transpires via intermediates in O-vacancies, and that the chemistry for adsorbates bonded in O-
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vacancies determines the selectivity in the PE-TPR and CE-TPR experiments in this study. In a 

study including infrared characterization of surface intermediates during catalytic conversion of 

alcohols over yttrium oxide,87 bridge-bonded alkoxy species yielded propene at >~250 C (while 

a terminal bonded species gave propan-2-one): this is similar to our interpretation that the alkene 

production occurs at > ~ 500K via O-vacancy adsorbed intermediates, as an O-vacancy adsorbed 

alkoxy intermediate would be coordinated to the multiple cations exposed by the lattice O-

vacancy. The mechanistic interpretations from the present study may be extensible to other 

reversibly reducible oxides. 

4. Conclusions 

The surface chemistry and catalytic activity of small alcohols was studied over 

LaMnO3(100) and La0.7Sr0.3MnO3(100) thin films. Based on XPS data, both samples are 

manganese enriched relative to La in the surface region. The Sr substituted sample has 

enrichment of Sr near the surface relative to Mn and La. The chemistry that transpires over both 

surfaces shows similarity to what has been observed over some reducible oxides in the literature.  

During PE-TPR, at < 300K, H2O is produced from surface hydrogens reacting with 

lattice oxygens. This results in vacancies such that some ethoxy groups would shift to vacancies 

very early in the PE-TPR experiment. At < 400K, there are two principle pathways for carbon-

containing intermediates to leave the surface: there is facile desorption of alcohol (likely from a 

combination of molecular desorption as well as recombination of alkoxies and surface 

hydrogens), and also an alkoxy disproportionation reaction to produce alcohol and 

aldehyde/ketone consumes alkoxies on 'regular' cation sites (e.g., 2 CH3O → products). 

Pathways involving oxygen vacancies occur at higher temperatures during PE-TPR: a) At ~400-

600 K, the data is consistent with a second disproportionation reaction pathway between alkoxies 
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to produce alcohol and aldehyde/ketone that likely occurs between a pair of alkoxies where one 

is in an oxygen vacancy and one is on a 'regular' cation site b) when the alcohol chain length is > 

C1, a portion of the intermediates in oxygen vacancies also go through a pathway with 

dehydration stoichiometry to produce alkenes and water. The vacancy related pathways from 

400-600 K are significantly suppressed by the Sr substitution. The branched structure of propan-

2-ol did not suppress the reactions observed with ethanol. In fact, the extent of products observed 

increased in the order of methanol < ethanol < propan-2-ol, probably due to a combination of 

longer alcohols having stronger adsorption strengths and also more electron donation from the 

carbon backbone. 

During CE-TPR, the products generally associated with dehydrogenation 

(aldehyde/ketone, H2), dehydration (alkene, H2O) and further oxidation (COx, H2O) are observed 

with continuous production at temperatures > 500 K. Coupling products are not observed. For 

ethanol and propan-2-ol, the presence of oxygen increases the production of the alkene, H2O, and 

COx species with diminishment of the H2 and aldehyde/ketone production. For methanol, the 

effect of oxygen is less dramatic, though there is a clear increase of COx, and H2O with a clear 

decrease of H2. For each of the alcohols, Sr substitution suppresses the overall activity towards 

nearly all pathways. At the temperatures at which products are observed in CE-TPR, >500 K, it 

is likely that direct C-H bond breaking occurs, and also that lattice oxygens are incorporated into 

the COx and H2O species by Mars-Van Krevelen type reactions. The increase of alkenes in the 

presence of oxygen suggests that surface lattice oxygens play a role in the alkene production 

pathway, presumably for O-H and C-H bond breaking.  

While Sr substitution would be expected to increase the number of lattice vacancies 

present, the PE-TPR and CE-TPR experiments here suggest a decrease in the products from 
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vacancy mediated related chemistry. These data are interpreted to mean that Sr substitution 

causes vacancies to bind adsorbates less strongly, resulting in decreased catalytic activity for the 

vacancy mediated reactions in the study. However, while Sr substitution does decrease the 

catalytic activity for the vacancy mediated reactions in the study, it does increase the ratio of 

alkene production to aldehyde/ketone production, which is useful information for catalytic 

science.  
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