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Trends in C-H bond dehydrogenation energetics for small molecule 
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by 
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Submitted to the Department of Materials Science and Engineering on December 20th, 2021, in 

partial fulfillment of the requirements for the degree of Doctor of Philosophy 
 

Abstract 

 
Low-temperature activation of C-H bonds and the conversion of C-H bond containing small 
molecules has remained a holy grail of chemical reactions over the past few decades. The design 
of materials to maximize product selectivity for wide–ranging energy and environmental 
applications is typically carried out by a creating of small library of materials. Optimal catalysts 
are identified by a series of measurements, and in most cases the underlying reaction mechanism 
is not well understood leading to difficulty in designing future catalysts. Systematic studies have 
to be carried out in order to investigate the catalyst surface under reaction conditions to probe the 
nature of reaction intermediates as well as the products of the reaction.  
 
In this thesis, we studied the interaction of small molecules such as formaldehyde, methanol, 
methane, and propane with oxide surfaces to reveal trends in adsorption energies, product 
selectivity, and reaction rates. We achieve this by developing suitable design descriptors by 
studying the reaction mechanism in situ. We first generated a library of manganese oxide 
catalysts to probe the reaction mechanism for formaldehyde oxidation to CO2 at room 
temperature. We identified γ-MnOx to have one of the highest reaction rates for formaldehyde 
oxidation and show that catalytic activity can further be improved by the addition of water. We 
then show that room temperature selective methanol oxidation towards methyl formate and 
methane oxidation to CO2 can be realized by increasing the surface oxygen activity of iridium 
oxide-based catalysts. We further developed a rational design approach for perovskite oxides by 
tuning the surface O 2p-band center to selectively oxidize methanol to formaldehyde. Finally, we 
extended this descriptor-based approach for oxidative dehydrogenation of propane to propene. 
Thus, using a combination of kinetic measurements, surface sensitive in situ techniques, and 
theoretical calculations, we show how catalyst surface can be designed to optimize product 
selectivity.   
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1.1 Environmental and energy relevance of heterogeneous catalysis 
 

Heterogeneous catalyst is ‘a functional material that continually creates active sites with its 

reactants under reaction conditions’. These sites change the rates of chemical reactions of the 

reactants localized on them without changing the thermodynamic equilibrium between the 

materials.1 Specifically, industrial heterogeneous (thermal and electro) catalysis accounts for 

35-40% of the global gross domestic product (GDP) and is involved in 95% of the total volume 

of products of the chemical industry.2 Historically, catalysts have played a major role in 

altering the course of human civilization, for example, increased ammonia generation using the 

Haber-Bosch process4 increased the number of humans supported on an arable land from 1.9 to 

4.3 with an increase of 30-50% crop yield. Looking ahead into the future, a civilization-altering 

change is envisaged to tackle the effects of climate change and meeting industrial demands 

towards a sustainable future as shown in Figure 1.1. 

    

Figure 1.1: Schematic of a sustainable energy landscape centered on heterogeneous catalysis. 
Figure taken from ref.

2 with permission, Copyright 2017 American Association for the 
Advancement of Science. 
 

In this thesis, we identify the three key areas of industrial chemical production, air quality, and 

energy storage-conversion (Figure 1.2) where heterogeneous catalysis focused on C-H bonds 
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would play a major role in providing alternate yet sustainable solutions. Firstly, in the area of 

industrial chemical production, sustainable sources in the form of natural gas and renewables are 

needed to replace crude oil sources.3,4 However, during natural gas extraction small molecules 

such as methane (CH4), ethane (C2H6), and propane (C3H8) which form a large fraction (75 – 

90%) of natural gas are routinely flared to produce carbon dioxide (CO2) , which is a less potent 

greenhouse gas.5–7 Alternatively, such alkanes can be converted directly into value-added fuels 

using (electro-) chemical catalytic methods.8 Addressing selective alkane oxidation to value 

added fuels would provide a twofold solution to tackle the needs of an ever-growing chemical 

industry as well as improve air quality by reducing greenhouse gas emissions. Current strategies 

include using oxidative coupling of methane to form C2 compounds, 11 benzene methane 

dehydroaromatization (MDA),12 conversion of methane to methanol11 and formaldehyde.12 

Similarly, oxidative dehydrogenation (ODH) of propane (C3H8) to propene (C3H6) is the starting 

step for the chemical industry to produce acetone.13  However, a tradeoff exists between product 

selectivity (%) and total conversion (%) due to the inert nature of the C-H bond and the ease of 

activation of reaction intermediates formed after the initial C-H activation.11  

 

Selectivity-conversion limitations are well known for direct conversion of methane (CH4) to 

methanol (CH3OH),14 methanol (CH3OH) to formaldehyde (HCHO), C3H8 conversion to C3H6.15 

Despite numerous proposed strategies to overcome selectivity-conversion limitations such as the 

use of aqueous reaction conditions, tuning reaction conditions, usage of methanol collectors,11 

and bio-inspired catalyst designs,16 the development of new materials with higher yields remains 

a holy grail in chemistry. The challenge of selective oxidation is not only limited to alkane 

oxidation reactions but is a common theme encountered in heterogeneous catalytic reactions such 

as production of value added fuels during CO2 reduction,17 hydrogen peroxide production,18 and 

selective oxidation of alcohols and aldehydes.19 While efficient catalysts for selective oxidation 

remain to be researched, the importance of improving activity and stability of catalysts for 

reactions such as oxygen evolution reaction20, oxygen reduction reaction,21 hydrogen evolution 

reaction,22 and nitrogen reduction23 in the context of meeting energy needs cannot be 

understated.2  
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Figure 1.2: C-H bond for energy and environmental applications. Small molecule 
conversion with different C-H bond dissociation energies24 for applications in energy 
conversion for CO2 reduction to value added fuels,25 chemical production for propane 
oxidative dehydrogenation (ODH) to propene,12 methanol to formaldehyde conversion,26 and 
air purification for HCHO oxidation to CO2

27 and methane conversion to methanol.8 
 

Secondly, there is need to control and reduce existing atmospheric emissions of CH4, CO2, and 

other volatile organic compounds (VOCs). Decades of industrial growth has led to declining 

air quality across the globe, especially in India and China where both indoor and outdoor air 

pollution are known to cause millions of pre-mature deaths every year.28 Specifically, indoor 

air pollutants involve small molecules such as carbon monoxide (CO), VOCs such as 

formaldehyde, acetaldehyde, and acetone arising from construction practices and incomplete 

combustion.29 Such molecules are potentially carcinogenic and a way to eliminate these toxic 

pollutants is the conversion to relatively harmless CO2 via multiple dehydrogenation steps. 

Furthermore, environmental factors such as relative humidity and surface poisoning need to be 

accounted to ensure practical operability of the catalysts.30 Moreover, the cost effectiveness of 

these catalysts also needs to be addressed as currently noble metal based-catalysts supported on 

oxide supports are used for air purification applications.30  

 

Finally, in the area of energy storage and conversion, atmosphere CO2 capture and direct 

conversion to value-added fuels as mitigation of CO2 emissions has become one of the grand 

scientific challenge of the 21st century.31 Herein, several hydrogenation steps are needed for the 

Air Purification 

Propane ODH Methane Oxidation 

Methanol Oxidation HCHO Oxidation 

CO2 Reduction 

C 

H 

Chemical Generation 

Energy Conversion 
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conversion of CO2 to generate CH4, CH3OH, H2, and other higher order products. Also, factors 

such as pH, cation effects, anion effects, and electrochemical conditions affect product 

selectivity.25 Hence, the role of several intertwined parameters need to be studied for CO2 

hydrogenation energetics in the context of CO2 reduction.    

A common underlying theme for all the sustainable energy and environmental applications 

discussed above is the ubiquitous presence of small molecules with C-H bonds with varied 

bond dissociation energy (Figure 1.2). This thesis will focus on tuning the (de)-hydrogenation 

energetics of such C-H bonds using rational design approach of materials for efficiently 

creating new bonds or the scission of existing bonds.   

 

1.2 Descriptor-based approaches in heterogeneous catalysis  

The search of new materials can be achieved through fundamental insights of the material 

system at hand by understanding trends across material and environmental spaces. Typically, 

this is achieved by means of descriptors which are a set of physically meaningful parameters 

that describe the actuating mechanisms of a certain property.32 Descriptors, features, or 

fingerprints are proved or hypothesized to have a causal relationship with the target property 

and can be used for the prediction of target properties without calculating or measuring them 

directly.33 In principle, descriptors can correspond to a single characteristic of the system or be 

a composite built out of several such characteristics. Typical material descriptors are ACS 

type-atomic identities, composition, and structure that can be mapped onto a certain 

functionality.33 The descriptor itself should be easier to determine than the property itself, for 

both experimental and computational methods. Also, the dimensions of the descriptors have to 

be as low as possible, should be able to uniquely characterize a material if possible, and 

materials that are very different (similar) should be characterized by very different (similar) 

descriptor values.34 Once identified descriptors could just be heuristic features for which causal 

relationship does not exist or they can be based on physical models (formula based) to show 

how property depends on a particular descriptor. For example, the public happiness in cities in 

China was seen to be correlated to the air quality in those cities35 (Figure 1.3a) or the activation 

barrier for CH4, C2H6, and CH3OH adsorption on surfaces is correlated to the hydrogen 

adsorption energy36 (Figure 1.3b) which is a relatively easier-to-compute metric than the 
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activation barrier. Both these simplified correlations provide an excellent starting point for 

future predictions of better happiness, which in turn can be related to the quality of air. Quality 

of air can further be correlated to catalytic removal of CH4 from the atmosphere. However, it is 

important to note that several underlying assumptions about the reaction mechanisms have to 

be made in order to develop a descriptor based-approach.  

 

Figure 1.3: Trends in public happiness index and small molecule activation. Correlation 
between (a) expressed happiness on social media and measured particulate matter in the 
atmoshhere in chinese cities, reproduced with permission from ref.35, Copyright Springer 
Nature 2016. (b) hydrogen adsorption energy and energy of the transistion state energy for the 
activation of CH4, C2H6, and C3H6 on relevant catalytic surfaces. Reproduced with permission 
from ref.36, Copyright Springer Nature 2016.  

In the case of heterogeneous catalysis, the first step towards a descriptor-based approach is the 

development of a micro-kinetic modeling for predicting reaction rates. To develop a micro-

kinetic reaction model, elementary reaction reactions making up the catalytic cycle are 

proposed using a combination of density functional theory (DFT), spectroscopy, and kinetic 

measurements. For example, consider a simple reaction, 𝐴! + 2𝐵 ↔ 2𝐴𝐵, centered on the 

surface site (*) with the elementary reaction steps shown below,37  

     𝐴! +  2∗ ↔ 2𝐴∗ 

     𝐵 + ∗ ↔ 𝐵∗ 

H
ap

pi
ne

ss
 In

de
x 

 

National PM2.5 Quantile EH(eV) 

E
TS

(e
V

)  CH4 

C2H6 

CH3OH 

a b 



 20 

                            𝐴∗ +  𝐵∗ ↔  𝐴𝐵∗ + *     

𝐴𝐵∗  ↔ 𝐴𝐵 + ∗    

Once the elementary steps are known, we assume that the rate constants for the forward and 

backward reactions for each of the reaction steps and write down the reaction rates for each of 

the steps,37 

𝑅! = 𝑟! − 𝑟!! = 𝑘!𝜃∗!𝑝!! − 𝑘!!𝜃! 

𝑅! = 𝑟! − 𝑟!! = 𝑘!𝜃∗!𝑝! − 𝑘!!𝜃! 

𝑅! = 𝑟! − 𝑟!! = 𝑘!𝜃!𝜃! − 𝑘!!𝜃!" 

𝑅! = 𝑟! − 𝑟!! = 𝑘!𝜃!" − 𝑘!!𝜃∗𝑝!" 

To understand the change in each of the surface species, we evaluate the rate of change in the 

coverage of reaction intermediates,37 

𝜕𝜃!
𝜕𝑡 = 2𝑅! − 𝑅! = 2 𝑘!𝜃∗!𝑝!! − 𝑘!!𝜃! − (𝑘!𝜃!𝜃! − 𝑘!!𝜃!") 

𝜕𝜃!
𝜕𝑡 = 𝑅! − 𝑅! = 𝑘!𝜃∗!𝑝! − 𝑘!!𝜃! − (𝑘!𝜃!𝜃! − 𝑘!!𝜃!") 

𝜕𝜃!"
𝜕𝑡 = 𝑅! − 𝑅! = 𝑘!𝜃!𝜃! − 𝑘!!𝜃!" − (𝑘!𝜃!" − 𝑘!!𝜃∗𝑝!") 

𝜃! = 0
!

 

Finding complete solutions for all the rate equations is not feasible due to the large number of 

variables involved. Hence, approximates such as the steady state approximation (SSA) where 

there is no accumulation of intermediate, !!!
!"
= 0; and quasi-equilibrium approximation (QSSA) 

where the fast steps are assumed to be in equilibrium are made to simplify the equations 

mathematically by reducing the number of variables. With such simplifications, we are able to 

generate expressions for the reaction rates with terms containing pressure of the reaction and 

product gases and the equilibrium constant containing the activation energy term.  
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Further, transition state theory (TST) is used to generate the potential energy diagram. The 

potential energy diagram is divided into two parts, the reactants and products region, with the 

region in-between called the transition state (TS).  For a multistep reaction, plotting the energies 

of the initial, transition, and the final states can generate an entire diagram with different rate 

constants for each step. Computing the reaction energies for the transition state is a painstakingly 

expensive process and typically the transition state energy (𝐸!!) is assumed to be related to the 

driving force (Δ𝐸!) of the reaction via the Bronstead-Evans-Polyani (BEP) relation,38    

𝐸!! = 𝛼!Δ𝐸! + 𝛽! , Where 𝛼! > 0 and 𝛼! > 0 

The BEP relation can be justified by assuming that the transition state usually resembles the 

bonding behavior of the adsorbed molecule albeit slightly different geometry. Incorporating the 

BEP relation in the micro kinetic model leads to the important conclusion that the relevant Δ𝐸 of 

the slowest step (rds) can be used to predict the catalytic rates. Therefore, the simplification of 

micro kinetic models led to the first descriptor model in heterogeneous catalysis proposed by 

Paul Sabatier. The Sabatier principle states that the optimal heterogeneous catalyst should bind 

the substrate neither too weakly nor too strongly (Figure 1.4).39 Building on this principle, 

Ruetschi40 and Trassati41 have shown the correlations between M-O bond energies, oxide 

formation energy for over-potential for oxygen evolution reaction (OER). It is to be noted that 

these correlations remained heuristic in spirit and did not involve rigorous investigation of the 

reaction mechanism or the nature of the reaction intermediates. A major breakthrough was 

achieved by Nørskov and co-workers through a mechanistic understanding of the reaction at 

hand to develop ‘rational’ descriptors and provide the much-needed predictive capability for 

catalyst design.42,43 A schematic of this procedure employed for ammonia synthesis where N2 

dissociation was predicted to be rate determining using DFT and a CoMo alloy was predicted to 

have the highest rate for the ammonia formation.44 Moreover, experimentally, such an alloy was 

shown to reside at the top of the volcano for ammonia TOF.44 

Further, using density functional theory (DFT), Nørskov and co-workers have shown that the 

adsorption energy of AHx molecule is linearly correlated to the adsorption energy of the atom 

A45 and used this result to develop selectivity maps for CO hydrogenation during methane steam 

reforming.46 Moreover, the adsorption energetics for several metals has been correlated to the d-
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band center of the transition metals for several adsorbates such as CO, N2, H2, O2, and OH.43 

More recently, geometric structure defined by the generalized coordination numbers47 and 

surface distortion %48 have been used to correlate the ORR activity of Pt-based nanoparticle 

catalysts. This description of active site using weighted geometric factors to complex surface 

geometries and compositions has only been limited to Pt-based catalysts.  

Historically, noble metal-based catalysts have been used in the field of heterogeneous catalysis 

ranging from single atoms to nanoparticles.49 Noble metal catalysts provide immense flexibility 

in tuning the catalytic activity by means of changing the size/shape of the catalyst particles,50 

type of the oxide support used and the interaction of metal with the support,51 oxidation state of 

the metal,52 substitution leading to bi-metallic53 and more recently higher entropic materials.54 

Further, noble-metal based catalysts have also been used for hydrogenation and dehydrogenation 

reaction such as methane to syngas,55 benzene to phenol,56 propane to propene, 57 epoxidation of 

propene,58 selective oxidation of styrene,59 and HCHO oxidation to CO2.60 Unsurprisingly, the 

majority of computational work based on the descriptor approach has focused on metal 

catalysts.37 However, the scarcity and the high price of these noble metal catalysts combined 

with the expected increase in the CO2 emissions in the chemical industry during chemical 

production demand an immediate solution.61 Hence, there is a need to replace traditionally used 

noble metal catalyst with more earth abundant materials that are cheaper, environmentally 

acceptable mining practices, and having a robust supply chain framework. With the development 

of new materials also comes the challenge of developing newer descriptors as previously 

developed insights for metallic catalysts may or may not be fully applicable to a newer class of 

materials.  
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Figure 1.4: Timeline of descriptor-based approach for heterogeneous catalysis. In catalysis, 
the Sabatier principle indicates the maximum activity is achieved with neither too strong nor too 
weak binding of intermediates to the surface. Early studies found that some physicochemical 
properties are catalytic descriptors. For instance, the enthalpy of formation of metal hydroxides 
from metals was linearly correlated with the catalytic of metals for oxygen evolution reaction 
(OER).62 Similarly, the hydrogen evolution reaction (HER) activity of metals was found to follow 
a volcano-shaped relation with the enthalpy of formation of metal hydrides.63 Following the 
advances in surface science and DFT, energetic and electronic structure descriptors have been 
established. Nitrogen binding energy was found to have a volcano dependence on the turn over 
frequency (TOF) of metal catalysts for ammonia synthesis,64 oxygen and CO adsorption was 
seen to be correlated with Au coordination number.65 Likewise, the OER activity of perovskite 
oxides was shown to have a volcano-style relation with the occupancy of eg orbital.66 Structural 
parameters such as surface coordination number65 and geometric parameters such as surface 
strain67 have also been proposed as surface binding and catalytic descriptors. Panel b is 
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1.3 Oxides for heterogeneous catalysis  

Oxide catalysts provide an excellent opportunity to be investigated for dehydrogenation and 

hydrogenation reactions due to their cost-effectiveness, while also being earth abundant and easy 

to synthesis.69,70 Transition metal-oxide based catalysts such as perovskites71 and manganese 

oxides72 have rich chemical and physical properties which provide opportunities to rationally 

design materials for the applications discussed above while being competitive to noble metal 

catalysts. For example, manganese oxide catalysts (CARULITE®) are already being used for 

commercial air purification applications while perovskites catalysts have been shown to have 

comparable performance to commercial Pt-based catalysts for NO oxidation.73 The physical 

origin of the exceptional performance of oxide catalysts can be explained in terms of the acidic- 

basic as well as the redox properties of oxides.74 Basic oxides typically consistent of lower valent 

metals such as alkali or alkaline earth metals. The reactivity of basic oxide depends on the 

ionicity of the metal-oxygen bond and the more basic/reactive oxides are more susceptible to 

hydroxide and carbonate formation on the surface.74 On the other hand, acidic properties are 

typically characteristic of higher valent metals such as V5+, Nb5+, or Cr5+. The higher valent 

oxides with d0 configuration can lead to increased covalent-nature of the bond due to the Jahn-

Teller effect.74 In contrast, redox properties of a catalyst are typically described by the interplay 

between two oxidation states. In the higher oxidation state, the catalyst acts as a source of 

oxygen and is reduced upon initial reaction. The catalyst is then re-oxidized during the 

subsequent steps to complete the catalytic cycle.74 Both acidic/basic and redox properties are 

relevant for selective oxidation reactions and need to be characterized to understand the nature of 

the active reaction site.75,76 Descriptors such as surface oxygen content, 77 basicity,78,79 acidity 

(electron-pair acceptor),80 eg occupancy,81 and oxygen vacancies82 which have been used to 

describe reactivity on oxides are expected as basic (oxygen), acid (metal), and mixed acid-base 

catalyst sites can have different strengths of reaction intermediates and can yield different 

products.75,76  
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Typically, acidic properties measurements are estimated experimentally using NH3 adsorption 
83,84 while basic properties are estimated using CO2 adsorption.85,86 However, such experimental 

probes are limited to detecting the oxygen or metal sites separately and multiple techniques are 

required to fully characterize the catalyst surface sites.87 While, descriptors such as number of 

transition metal valence electrons,88 transition-metal oxidation state,88  eg occupancy81 have been 

correlated with catalytic activity for smaller datasets of oxides, this approach does not capture 

metal-oxygen covalency especially for the late transition metal oxidation.89 Moreover, C-H bond 

(de-) hydrogenation reactions involve different types of adsorbents with C and O binding on 

metal and oxygen sites. Hence, there is a need to unify various acid-base and redox descriptors 

reported previously that correlate with catalytic properties. Furthermore, tuning product 

selectivity during heterogeneous catalysis is a multi-dimensional phenomenon with macroscopic 

parameters such as temperature, pressure, composition, heat and mass flow factors becoming 

part of the parameter space in the search for the ideal material. Typically, all these factors are not 

included in the descriptor approach. Hence, there is a need to identify robust descriptors that can 

consider various reaction sites on the surface along with the environmental conditions.  

1.4 Universality of O 2p-band center descriptor for oxide catalysis  

The O 2p-band center can influence the energetics of redox processes for oxide bulk and surfaces 

such as oxygen vacancy formation and re-filling, and adsorption energies on oxide surfaces. The 

effectiveness of the O 2p-band center descriptor on the energetics can be qualitatively 

understood in terms of a rigid band model,90 which has been successfully used to describe late 

transition metal perovskites.91 In this model, oxidation of oxides, for example, through filling of 

oxygen vacancy, involves moving electrons from EFermi to O 2p-band, resulting in an upshift of 

O 2p-band center toward EFermi. This upshift in O 2p-band center is both the result of EFermi 

moving down due to electron depletion from EFermi to the newly added oxygen, and an increase 

in the total oxygen DOS relative to the transition metal DOS. Thus, the energetics for Ovac filling 

becomes less negative (i.e. less favorable) with shallower O 2p-band center.  Similarly, 

adsorption of O and OH on oxide surfaces can also oxidize the system, where adsorption 

energetics should become less favorable with shallower O 2p-band center. Similarly, the 

opposite trends occur with reduction of the system, for example, by creation of Ovac on metal 

oxide surfaces, where electrons are transferred from O 2p-band to EFermi, resulting in a downshift 
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of O 2p-band center away from EFermi. This downshift of O 2p-band center is the result of adding 

electrons to EFermi and reduction in the oxygen DOS relative to the transition metal DOS. 

Therefore, reduction of oxides involving Ovac formation becomes easier with shallower O 2p-

band center. 

The bulk O 2p-band center of oxides can be straightforwardly obtained from density functional 

theory (DFT) calculations.92,93 For trends in O 2p-band center for a set of materials to be viable, 

the O 2p-band center needs to be calculated using the same DFT methodology for all the 

materials under study.  Moreover, thousands of oxygen 2p band values are already available 

from several large-scale computational studies carried out for solid oxide fuel cells94 and OER 

applications.95 These existing databases can further be leveraged for other catalytic reactions as 

well. Further, the O 2p-band center can be experimentally obtained by valence band X-ray 

photoemission (XPS) and X-ray emission (XES) spectroscopy.96–98 More specifically, XES 

spectra aligned with valence-band XPS measurements yield O 2p-band spectra relative to the 

oxide Fermi level.99 The computed bulk O 2p-band center value can then be validated against 

experimental values.  

Moreover, it has been shown that the O 2p-band center correlates well with the charge transfer 

energy, defined as the difference between the O 2p non-bonding peak and the lowest occupied 

TM 3d state100 for both perovskite101 and spinel oxides.102 While the charge-transfer energy was 

shown to be a more powerful descriptor for perovskites during electro-catalysis,100 both the 

computation and the experimental derivation of the charge transfer energy involves the 

additional step of accounting for the transition metal d orbital. We also note that the simpler 

descriptors such as the electron count, oxidation potential are relevant and easier to obtain do not 

capture the entire reactivity of oxide catalysts across the periodic table. 89 Hence, we propose that 

the charge transfer and (to a slightly lesser extent) the O 2p-band can be the general descriptors 

to explain oxide reactivity. Also, with the bulk and surface O 2p-band centers correlating103 is 

important from the standpoint of using the easier to obtain bulk O 2p-band center to correlate to 

surface-specific properties, as will be discussed more later. The bulk O 2p-band center descriptor 

has been used extensively to infer correlations with catalytically relevant properties and 

functions, including oxygen ion migration,104,105 oxygen evolution catalytic activity in basic 
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solution,106 oxide work function,107 oxidative dehydrogenation of carbonate solvents at positive 

electrodes in Li-ion batteries.108,109 

The first oxide property shown to correlate with the O 2p-band center103 was the Ovac formation 

energy, which decreases with shallower O 2p-band center, as shown for bulk104 and surface110 of 

perovskite oxides (Figure 1.5a). Increasing number of d electrons for metal cations and 

increasing oxidation state (e.g. from Vx+ to Nix+ and from M3+ to M4+)108 is associated with 

shifting EFermi closer to the centroid of oxygen DOS, making the O 2p center shallower, which 

coincides with reduced oxygen vacancy formation energy. This trend derives from the charge 

compensation for the formation of oxygen vacancy, which largely takes place through the 

reduction of two M ions for reducible oxides.111 In addition, the energy penalty for the formation 

of bulk and surface oxygen vacancies shows similar slopes with respect to the surface O 2p-band 

center, close to -2 expected for two electrons transferred per oxygen vacancy.109  

Besides oxygen vacancies, the O 2p-band center of oxides has been shown to correlate with the 

binding energy of adsorbates on the oxide surface. For example, the binding energy of 

electronegative adsorbates such as OH and O adsorbed on the metal sites of the (100) surface of 

perovskites have a positive slope with the O 2p-band center (Figure 1.5b),103  indicative of the 

oxide being oxidized. Similarly, adsorption of hydrogen (H-Ooxide)110 or C-containing species 

(O2C-Ooxide and H3C-Ooxide)110 on surface oxygen sites of (001) perovskites, shows a strong 

dependency on the O 2p-band center (Figure 1.5c). Adsorption of a hydrogen atom on the 

surface oxygen site of perovskites is accompanied by transfer of one electron and the reduction 

of a transition metal cation, which is similar to that upon adsorption of C-containing species with 

formation of C-Ooxide bonds.108–110  

Making the O 2p-band center shallower using late transition metal cations and increasing cation 

oxidation state, associated with greater metal-oxygen covalency, can facilitate adsorption of 

species such as CH3OH, CO2
112 and NO73 on surface oxygen sites instead of surface metal sites. 

For example, the adsorption of NO and NO2 on oxygen sites of (001) La1-xSrxCoO3, forming 

NO-Ooxide
73 and NO2-Ooxide, is energetically more favorable than that adsorption on metal sites, 

and shows a negative slope with the surface O 2p-band center, indicative of surface oxide 

reduction. This trend is consistent with increased signal associated with NOx species measured 

by X-ray photoemission spectroscopy (XPS) when increasing Sr in La1-xSrxCoO3.73 Similarly, 
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the energetics of CO2-Ooxide (surface carbonate) formation becomes more favorable with 

shallower O 2p-band center, indicative of more reactive oxygens on oxide surfaces, which agrees 

with the observation of more (bi-) carbonate species using XPS.112  

Figure 1.5: Bulk and surface properties as a function of O 2p-band center for perovskite 
oxides. (a) Bulk and (001) surface Ovac formation energies as a function of bulk and surface O 
2p-band centers respectively computed with PBE+U for ABO3 perovskites). Data are adapted 
from refs.104,110, (b) OH and O binding energy on transition metal site of ABO3(001) perovskites 
as a function of the surface O 2p-band center computed with PBE (filled circle) and PBE+U 
(empty circles. Data are adapted from ref.98, (c) H,110 CH3,110 CO2, O,113 and OH113 binding 
energies on oxygen site of ABO3(001) perovskites as a function of bulk (O-Ooxide and HO-Ooxide) 
and surface (H-Ooxide, H3C-Ooxide and O2C-Ooxide) O 2p-band centers computed with PBE98 (O-
Ooxide and HO-Ooxide) and PBE+U (H-Ooxide, H3C-Ooxide and O2C-Ooxide). Data are adapted from 
refs.110,113. Abbreviations: BTO: BaTiO3, STO: SrTiO3, PTO: PrTiO3, BCO: BaCoO3, BWO: 
BaWO3, BNBO: BaNbO3, LCUO: LaCuO3, LCRO: LaCrO3, LNO: LaNiO3, LVO: LaVO3, SCO: 
SrCoO3, LCO: LaCoO3, STAO: SrTaO3, SNO: SrNiO3. 

 

The O 2p-band-dependent energetics discussed for perovskites hold true for other oxide crystal 

families and ligands. For example, the O 2p-band center of Ruddlesden-Popper ((LaxSr1-x)2MO4, 

with M = Co, Ni, Cu) correlates with the formation energies of interstitial oxygen in the structure 

(Figure 1.6a).114 In addition, the energetics for hydrogen adsorption on surface oxygen sites of 

LixMO2 (M = V, Cr, Mn, Fe, Co and Ni; x = 0, 0.5, and 1) as well as surface Ovac formation have 

negative slopes with the O 2p-band center (Figure 1.6b), indicative of greater driving force for 

oxide reduction with shallower O 2p-band center, in agreement with trends found for perovskites 

(Figure 1.5a). Hydrogen adsorption on surface oxygen sites becomes increasingly energetically 

favorable with shallower O 2p-band center compared to hydrogen adsorption on surface metal 
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sites. Like perovskites, the more active surface oxygen sites come from highly covalent oxides 

with late transition metals (i.e. Ni), and transition metals in high oxidation states (x = 0.5 

(M3+/M4+) or x = 0.0 (M4+), Figure 1.6b). Moreover, similar correlations are observed between 

the energetics of surface Ovac formation and H-Ooxide and O 2p-band center for a larger library of 

oxides with different crystal structures including layered oxides, rocksalts, and rutiles (Figure 

1.6c). Notably, these trends hold even when different ligands (S2-, F-, PO4
3-, AsO4

3) are 

considered, where the ligand vacancy formation energy and hydrogen adsorption correlate with 

the ligand p-band center suggesting that a more general “anion p-band center” quantity may 

describe the energetics of oxidation/reduction, metal-anion bond strength, and resulting catalytic 

activity trends for systems beyond oxides, e.g., sulfides, fluorides,109 and possibly more. A 

multivariable statistical analysis has indicated that developing multivariate models including O 

2p-band center, band gap and metal-ligand distance can greatly increase the predictive power of 

the more general ligand p-band correlation.109  

This concept has been further extended beyond the band center of oxide bulk and surface to the 

O 2p-band center of surface adsorbates themselves. For example, oxygen adsorption energy, is 

correlated with the O 2p-band center of adsorbed O on the surface of oxides (rutiles and 

perovskites) and metals (Figure 1.6d).115 Similarly, differently-coordinated surface oxygens of 

RuO2 crystal orientations have different O 2p-band centers due to different coordination, local 

environment, and bond angles, resulting in modified O binding energies on surface Ru site.116 

This concept of local O 2p-band can be combined with the idea of a general anion p-band center 

to open the possibility of a generalized form of this electronic structure descriptor to predict 

adsorbate energetics on different materials, beyond oxides and O-containing adsorbates.  
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Figure 1.6: Bulk and surface properties as a function of O 2p-band center across different 
material families. (a) Defect formation energies as a function of O 2p-band center for 
Ruddlesden-Popper phases ((LaxSr1-x)2MO3+0.0625) with M = Co, Ni, Cu),114 Data are adapted 
from ref.114, (b) Hydrogen binding energy at metal (H-Moxide) and oxygen (H-Ooxide) site, and Ovac 
formation energy on the LixMO2 1014  surface of layered compounds (M = V, Cr, Mn, Fe, Co, 
and Ni) as a function of the surface O 2p-band center computed with RPBE, where H-Moxide 
while H-Ooxide and Ovac have negative. Data are adapted from ref.117, (c) Hydrogen binding 
energy at oxygen site (H-Ooxide), and Ovac formation energy on the surface of different oxide 
crystal families, including layer compounds, rocksalt, rutile oxides, as a function of the surface 
O 2p-band center with respect to the conduction band minimum (CBM) computed with PBE 
Data are adapted from ref.109, (d) Energy required to create adsorbed O as a function of O 2p-
band center of adsorbed O computed for rutile, perovskite oxides, and metal surfaces.115 Data 
are adapted from ref.115. Abbreviations: LIMO: LiMnO3, LI0.5IMO: Li0.5MnO2, MO2: MnO2, 
HFO: HfO2, LMGP: LiMGP, NB: Nb, PT: Pt, AU: Au, LCAO: LaCaO3, SSBO:SrSbO3. 
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The O 2p-band center has been proposed as a descriptor for the (electro-) catalytic activity of 

oxides. The role of the O 2p-band center in oxygen electro-catalysis has been studied 

extensively.103,98,100,118 The surface oxygen exchange kinetics, which measures the rate of oxygen 

incorporation/release into/from oxides (O2 + 4e- ó 2O2-)103, central to the efficiency of solid 

oxide fuel cells, increases over many orders of magnitude with shallower/deeper O 2p-band 

center (Figure 1.7a).103 The enhanced rate can be attributed to reduced energy for Ovac formation 

in oxides with shallow O 2p-band center, where oxygen vacancies serve as active sites for 

adsorption and dissociation of molecular oxygen. On the other hand, the surface exchange 

kinetics of Ruddlesden-Popper ((LaxSr1-x)2MO4, with M = Co, Ni, Cu)105 decreases with higher O 

2p-band center, which can be attributed to increasing formation energy of oxide and peroxide 

interstitials.114 The observed opposite slopes of surface exchange rates between perovskites and 

Ruddlesden-Popper oxides is a direct consequence of different active sites and catalytic 

mechanisms which involve vacancy- and interstitial-mediated processes for perovskites and 

Ruddlesden-Poppers, respectively. In addition, having higher O 2p-band center (e.g. 

Hf0.5Ba0.5CoO3 and Pr0.5Ba0.5CoO3) correlates with greater catalytic activity of oxygen evolution 

reaction (OER) for perovskites in basic solution (Figure 1.7b).106  
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Figure 1.7: Surface catalytic properties as a function of O 2p-band center for perovskite 
oxides. (a) Oxygen surface exchange coefficient as a function of the bulk O 2p-band center 
relative to EFermi computed with PBE+U for ABO3 perovskite oxides.103 Data are adapted from 
ref.103. (b) OER activities measured at 0.5 mA/cm2

ox as a function of the bulk O 2p-band center 
relative to EFermi computed with PBE+U for ABO3 perovskites.106,100 Data are adapted from 
refs.106,100. (c) NO oxidation turnover frequency for LaxSr1-xCoO3 perovskites as a function of the 
surface O 2p-band center relative to EFermi computed with PBE +U.73 Data are adapted from 
ref.73. Abbreviations: LMO: LaMnO3, LCO: LaCoO3, LSMO25: La0.75Sr0.25MnO3, BSCF: 
Ba0.5Sr0.5Co0.75Fe0.25O3, SCN10: SrCo0.9Nb0.1O3δ-, PBFO: Pr0.5Ba0.5FeO6, LSC82: 
La0.8Sr0.2CoO3, LSC64: La0.6Sr0.4CoO3, LSC46: La0.4Sr0.6CoO3, GBCO: Gd0.5Ba0.5CoO3, SBCO: 
Sr0.5Ba0.5CoO3, HBCO: Hf0.5Ba0.5CoO3, PBCO: Pr0.5Ba0.5CoO3 

The O 2p-band center also serves as an effective descriptor for other electro catalytic reactions 

and heterogeneous catalysis on oxide surfaces. The O 2p-band descriptor is correlated with the 

hydrogen evolution reaction (HER) activity of A-site modified Co-based perovskites,119 and Co-

based double perovskites, where a volcano-type relationship was observed for the HER activity 

with respect to the O 2p-band center.120 NO oxidation kinetics exhibit a volcano trend with the O 

2p-band center of La1-xSrxCoO3, where the most active composition is found for x = 0.2.73 This 
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volcano trend with O 2p-band center can be understood by considering that NO oxidation is 

limited by NO adsorption on oxygen sites to form NO-Ooxide for the left-hand side of the volcano 

(LaCoO3), and by NO2 removal or Ovac re-filling for the right-hand side of the volcano (La1-

xSrxCoO3 with x > 0.2),73 in agreement with lower Ovac formation energy (i.e. more difficult 

oxygen vacancy filling) for high O 2p-band center (Figure 1.5a). Similarly, the kinetics for 

propane121 and methane oxidation122 show a volcano trend with the surface O 2p-band center for 

perovskites.  

1.5 Understanding reaction mechanisms in situ/in operando  

An important aspect of investigating reaction mechanism is to track the catalyst under reaction 

conditions to identify the key reaction species that coverage can be tuned to increase the activity 

and selectivity of the reaction. Synchrotron-based techniques such as x-ray absorption 

spectroscopy (XAS) and ambient pressure x-ray photoelectron spectroscopy (AP-XPS) are 

increasing being used to characterize catalytic reactions in situ with the ability to track reaction 

intermediates, state of the catalysts, as well as measure the products. Using synchrotron 

techniques, a wide variety of reactant gases (CH4, CH3OH, C3H8, and O2) can be introduced in 

the chamber and the solid-gas interface can be studied under relatively high pressures (~1 

Torr).123,124 In addition to synchrotron-based techniques, lab-based diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) provides another opportunity to probe reaction 

intermediates in-situ as a function of time,  temperature, and gas composition.125 

1.6 Thermodynamic calculations using density functional theory (DFT) 

DFT is a complementary tool to in-situ spectroscopy and kinetic measurements to identify 

reaction intermediates both by computing potential energy pathway for competing catalytic 

pathways as well as to compute the infrared (IR) spectra. DFT provides an excellent opportunity 

to simplified picture of the catalyst surface by means of developing slab models of catalyst 

surfaces and investigating different configurations of molecule interaction with surface 

sites.37Although, realistic catalyst surfaces are known to have heterogeneous reaction sites and 

undergo surface re-construction under catalytic conditions, DFT has proved to identify trends in 

experimental activity for OER,101 ORR,126 and NH3
127 generation reactions.  
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1.7 Scope of the Thesis 
 

In the conclusion, the electronic structure of oxides catalyst has been used to tune the activity of 

environmentally relevant catalytic processes. We have shown that activity metrics of reactions 

such as TOF, over potential as well as binding energy of key reaction intermediates such as 

oxygen, hydrogen, hydroxyl, CO2, and oxygen vacancies can be correlated to the oxygen 2p-

band descriptor. While there have been several studies correlating activity metrics to descriptors, 

understanding product selectivity has remained an elusive target.  

 

In this thesis, we use a combined experimental and theoretical approach using AP-XPS, 

DRIFTS, DFT, and plug-flow reactor measurements to understand C-H bond dissociation 

kinetics as well as product selectivity during small molecule oxidation. Chapter 2 demonstrates 

the role of water in altering reaction kinetics for HCHO oxidation on a commercial manganese 

oxide catalyst by investigating the reaction mechanism using DFT, DRIFTS, and plug-flow 

reactor studies. Chapter 3 expands on the reaction mechanism developed for commercial 

manganese oxide to a library of manganese oxide with different crystal structures to identify 

descriptors to enhance reaction rates for HCHO oxidation. With insights from Chapter 2 and 

Chapter 3, in Chapter 4 we employ AP-XPS, DFT, and plug-flow studies to understand the 

nature of the active species and product selectivity for C-H bond containing molecules, CH3OH 

and CH4, using IrOx-type catalysts. Further, in Chapter 5 we use perovskite oxides to develop a 

descriptor-based approach for selective conversion of CH3OH to HCHO by correlating surface 

reactivity to surface electronic structure. Next, in Chapter 6, we expand the descriptor based for 

perovskites by developing a library of perovskites using DFT to predict reaction rates and active 

catalysts for propane ODH. Lastly, in Chapter 7 we propose future directions for the field of 

selective heterogeneous catalysis and offer perspectives on the role of heterogeneous catalysis in 

a sustainable society.   
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2.1 Introduction 

Formaldehyde (HCHO), a volatile organic compound (VOC), is a component of indoor air which 

is a potential carcinogen and respiratory irritant.1,2 A number of various adsorbent,3,4 photo-

catalytic,5 and catalytic strategies6,7 have been devised to eliminate formaldehyde at room 

temperature. Noble metal-based catalysts supported on inexpensive oxide support such as 

Au/CeO2,8 Ag/HZSM,9 Pt/TiO210  can effectively oxidize  formaldehyde (HCHO) to carbon 

dioxide (CO2) at room temperature but the high cost of noble metal based catalysts limits their 

widespread usage. Alternatively, transition metal oxides of manganese,11,12,13 cobalt,14,15 and 

composites based on these oxides such as MnOx-CeO2,1 CuO/MnO2,16 Co3O4- CeO217 have been 

explored for HCHO oxidation despite their lower activity.  Specifically, manganese oxides have 

been studied extensively because of their formaldehyde oxidation activity18 and the ability to 

tune the activity by modifying the tunnel structure,19 morphology,20 and alkali metal additives.21 

Along with the catalyst surface tuning, introduction of water vapor into the reaction gas stream 

of HCHO and O2 is also known to improve the rate of CO2 generation at room temperature for 

manganese oxide catalysts.22,23,24 However, surface poisoning of monoclinic1, spinel13, and δ-

MnO216,19,21 manganese oxide phases limits the usage for formaldehyde oxidation due to 

accumulation of bidentate formate9,8,13 and carbonate26,25 reaction intermediates as observed by 

Diffuse Reflectance Infrared Transmission Spectroscopy (DRIFTS). While the reaction kinetics 

of oxidation of reactions intermediates to CO2 on these different crystal structures can be 

different owing to the differences in water content,22 surface defects,27 and manganese oxidation 

state,28 the build-up of formate and carbonate intermediates observed in situ with DRIFTS over 

time indicates the generality of the poisoning phenomenon and the need to understand 

dehydrogenation kinetics.  

Unfortunately, the deactivation of catalysts under steady state conditions still presents a practical 

challenge 17,29 and the  reaction mechanism of formaldehyde oxidation in the presence of water at 

room temperature is not well understood.30 Different reaction pathways have been proposed for 

the conversion of HCHO to CO2 via the formation of dioxymethylene (DOM, HCHOOoxide) and 

formate (HCOOoxide) reaction intermediates as shown in Figure A.1.1A11 as well as formate 
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(HCOOoxide) and carbonate (CO2Ooxide) reaction intermediates without the formation of DOM 

(HCHOOoxide) in Figure A.1.1B22,13 for birnessite MnOx. Not all the reaction intermediates 

(DOM, formate, carbonate) have been consistently observed during HCHO oxidation as the role 

of surface-species such as adsorbed water, hydroxyl, or oxygen is different amongst the 

investigated manganese oxides.31 Although the presence of surface-species such as adsorbed 

water, hydroxyl26,32 or oxygen8,17 has shown to increase the HCHO oxidation activity, the 

specific role of each of these species in the reaction mechanism has not been explored 

comprehensively. For example, water is known to affect the reaction mechanism for oxidation of 

HCHO via competitive adsorption, solvation effect, renewal of surface hydroxyls, mediating H-

transfer, or forming active -OOH type species.33,34  

As the precise role of water involved in aiding formaldehyde oxidation and the reaction 

intermediates involved in the mechanism is unclear, there is a compelling need to understand the 

reaction kinetics and to probe reaction intermediates under HCHO concentrations relevant for 

indoor air pollution. Typical international guideline values and recommendations for 

formaldehyde indoor air concentration lie in the range of 0.002-0.3 ppmHCHO,Table.5,2, 

Unfortunately, previous studies in literature have been limited to inlet formaldehyde 

concentration in the range of few tens to hundreds of parts per million (ppm) under wide-ranging 

relative humidity of 0-50%.29,35,36  

In this study, formaldehyde oxidation kinetics were examined for a series of formaldehyde 

concentrations (0.5-20 ppmHCHO) to understand the role of water, oxygen, and catalyst loading 

for commercial birnessite manganese oxide under continuous flow and transient reaction 

conditions. Using in situ DRIFTS and density functional theory (DFT) calculations on a model 

β-MnO2 (110) surface, the nature of reaction intermediates and their interaction with water is 

discussed. It is demonstrated that surface poisoning by carbonaceous species can be overcome on 

a commercial birnessite manganese oxide at room temperature by tuning the surface coverage of 

various reaction intermediates. A generalized framework for the elimination of bidentate formate 

and carbonate reaction intermediates is then suggested via understanding the role of surface 

oxygen, hydroxyl, and adsorbed water species.  
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2.2 Experimental and computational methods 

2.2.1Experimental details 

Material 

MnOx catalyst sample was directly procured from BASF Corporation with a BET surface area of 

180 m2g.  X-Ray diffraction pattern shown in Figure A.1.2A of the manganese oxide used in the 

study can be described by a layered birnessite phase with edge sharing MnO6 octahedra22 and 

potassium additives as seen in the K 2p region of the XPS (Figure A.1.2B). Surface hydroxyls, 

surface adsorbed oxygen, and structural water22 were also observed in the thermo-gravimetric 

(TG) mass loss curve (Figure A.1.2C).   

 

Plug flow reactor measurements 

25/100 mg catalyst was mixed with oven-dried sand (2.5 g) and loaded into a quartz tube (3.81 

mm id). A total flow rate of 200 ml min-1 was used for all the plug flow reactor experiments and 

the flow rate of individual gases, HCHO, CO, CO2, O2, and N2 was controlled using dedicated 

mass flow controllers. A water bubbler at room temperature connected to the N2 gas line was 

used to introduce water vapor into the gas stream. The gas composition was analyzed using a 

PIKE FTIR gas cell attached to a Bruker Vertex 70 FT-IR spectrophotometer after measuring for 

HCHO and CO2 gas sensitivity as shown in Figure A.1.3A and Figure A.1.3B respectively. 32 

scans were collected at a resolution of 4 cm-1 every 12.5 min. prior to flowing the reaction gas 

mixture, the catalyst was purged with 100%N2 at room temperature for 2 hrs to remove any 

weakly adsorbed water and background spectrum was collected in 100%N2. To evaluate the role 

of water and oxygen in HCHO oxidation, the catalyst was exposed to 0.5-20 ppmHCHO in four 

different gas mixtures, 10%O2/BalanceN2, 100%N2, 0.7%H2O/BalanceN2, and 

0.7%H2O/10%O2/BalanceN2 at room temperature and also 10%O2/BalanceN2, 100%N2, 

0.7%H2O/BalanceN2, and 0.7%H2O/10%O2/BalanceN2 without HCHO in the gas steam (referred to 

as transient conditions) to understand reaction kinetics at room temperature.  
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The % conversion of HCHO to CO2 is calculated using the formula, CO2 conversion (%) = 

100*(ppmCO2/ppmHCHO), where ppmHCHO is the inlet concentration of formaldehyde gas that the 

catalyst was exposed to and ppmCO2 is the CO2 generated. The percentage of HCHO adsorbed 

(%) (and not oxidized) was calculated using the formula, 100*(ppmHCHOout/ppmHCHOin), where 

ppmHCHOin was the inlet concentration of formaldehyde gas that the catalyst was exposed to and 

ppmHCHOout was the HCHO measured after exposure to the catalyst. Surface coverage of 

carbonaceous species was calculated by subtracting the total amount of CO2 converted from the 

amount of HCHO that the catalyst adsorbed to the breakthrough point using the equation, 

𝜃(𝑀𝐿) = 	
()*+∗-.∗/∗	(∫123435

5 623435	7896∫ 2	45:89

-;∗<=
, NA is the Avogadro’s number, Vm is the molar 

volume (mol l-1), F is the flow rate (ml min-1),	𝐶?2?@@  is the inlet HCHO concentration in ppmm, 

𝐶?2?@	 is the outlet HCHO gas concentration in ppmm, 𝐶	2@: is the outlet gas concentration in 

ppmm, Ns is the total available surface sites (1.5*1019 sites) calculated using a surface site density 

of  10 sites/nm2 37 assuming that 1/3 of the sites are available for HCHO adsorption. 

Breakthrough time was defined as the time when less than 90% of the inlet HCHO concentration 

is adsorbed.    

In situ DRIFTS 

In situ Diffuse Reflectance Infrared Fourier Transmission Spectroscopy (DRIFTS) 

measurements were carried out using the Praying Mantis setup (Harrick) in an environmental 

chamber with KBr windows. Manganese oxide (25 mg) and KBr powder (25 mg) were mixed 

and loaded into the reaction chamber. Similar to the plug flow experiments, prior to flowing the 

reaction gas mixture; the catalyst was purged with 100%N2 at room temperature for 2 hrs to 

remove any weakly adsorbed water. Background spectrum shown in Figure A.1.4 was collected 

under a flow of 10%O2/BalanceN2 at room temperature while relevant spectra were collected by 

averaging 128 scans at a resolution of 2 cm-1 every 3 min after background subtraction. Inlet 

reaction gas mixtures 0.5 ppmHCHO-20 ppmHCHO with balance mixtures of 100%N2, 

10%O2/BalanceN2, 0.7%H2O/BalanceN2, 0.7%H2O/10%O2/BalanceN2, and 1.9%H2O/BalanceN2 were 

studied. To identify reaction intermediates, different combinations of catalyst loading, HCHO 

concentration, and flow rates were used to access different surface coverage of reaction 

intermediates as shown in Table A.1.1. Peaks at 1567, 1384, and 1354 cm-1 in Figure A.1.5A and 
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2882 cm-1 in Figure A.1.5B were assigned to the υas(OCO), δ(CH), υas(OCO), υ(CH) stretching 

modes of  bidentate formate species (HCOOOxide)38,39,26 while the peak at 1728 cm-1 was assigned 

to υ(CO) stretching mode of molecularly adsorbed HCHO.40 Peaks at 969, 1054, 1420 cm-1 in 

Figure A.1.5A and 2944 cm-1 in Figure A.1.5B were assigned to υ(CO), ρ(CH2), δ(CH2), and 

υ(CH2) stretching modes of dioxymethylene (DOM, HCHOOoxide) species.40,41The decrease in 

intensity at 3590 cm-1 in Figure A.1.5B was assigned to the terminal/CUS surface hydroxyl 

(OHCUS) associated with K+ ions.26 and the increase in intensity at 3280 cm-1 was assigned to 

lattice/bridge hydroxyl species, OHBRI. To evaluate the nature of the peaks at 1512 and 1324 cm-

1, the catalyst was exposed to CO2 using the gas mixture of 100%CO2 which revealed peaks 1512 

cm-1 and 1324 cm-1 (Figure A.1.6A) suggesting the peaks correspond to υas(OCO) and υs(OCO) 

stretching modes of bidentate carbonate-type species (COO2oxide).42,43 Water adsorption was 

carried out using 1.9%H2O/BalanceN2 to identify water-related vibration modes. The peak at 1648 

cm-1 and 1350 cm-1 peaks were assigned to the water bending (H2Owater) and water-alkali metal 

mode of interactions in Figure A.1.6A respectively and the broad peak between 2800-3700 cm-1 

in Figure A.1.6B was assigned to the OHwater stretching of water overlapping with the OHBRI 

peak. The peak assignments are in agreement with previous experimental studies and are further 

supported by computed peaks of DOM, bidentate formate, and carbonate reaction intermediates 

from DFT which are also comparable to previously computed wavenumbers as shown in Table 

A.1.2.     

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

2.2.2 Theoretical calculations 

 

Density Functional Theory  

β-MnO2 (rutile) crystal structure was chosen as a model system as it is the thermodynamically 

most stable crystal structure of manganese oxide,44 is known to be active in a variety of catalytic 
45,46 and battery applications47,48 and has been extensively used to model manganese oxide 

catalysts for NO oxidation 49–51 and battery applications.52,53 Furthermore, the local structure of 

birnessite manganese oxide is poorly crystalline and difficult to characterize due to the presence 

of water and alkali atoms in the structure.54  
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 The (110) facet of β-MnO2 was chosen to compute adsorption energies as it has the lowest 

surface energy amongst the commonly encountered facets such as (001), (100), (111), (101), and 

(100), as shown in Table A.1.3. The (110) surface comprises of 2c bridge (BRI) oxygen atoms 

and 5c coordinately unsaturated (CUS) manganese atom sites (MnCUS) that are amenable to 

adsorption at room temperature (Figure A.1.7A). The (100) surface of the birnessite phase and 

the stoichiometric rutile (110) with the bridge oxygen (OBRI) and the row of 5c Mn metal atom 

sites amenable to adsorption are shown in Figure A.1.7A and Figure A.1.7B respectively.  

The surface phase diagram of the (110) MnO2 surface was developed as a function of oxygen 

and water chemical potential (Figure A.1.8) with reference to the stoichiometric surface. To 

model the dry reaction conditions, relevant oxygen pressure range from 0 to10%, at 25 °C were 

considered where the surface structure was predicted to be stoichiometric with the bridge sites 

completely filled with oxygen while the OCUS sites being vacant as shown in Figure A.1.8, which 

is in agreement with the weak oxygen adsorption of +1.07 eV on the MnCUS sites and strong 

adsorption of -0.55 eV for the bridge sites consistent with the +0.99 eV for the MnCUS and -0.63 

eV for the bridge site reported previously for MnO2 (110).49 Next, as the oxide surface contained 

terminal/CUS hydroxyl species as evidence from TGA (Figure A.1.2C) and DRIFTS (Figure 

A.1.5B), OH on MnCUS (OHCUS) was considered to understand the role of surface hydroxyl for 

HCHO oxidation. Also, the presence of K+ ions favors the dissociation of water by -0.2 eV 

relative to the surface without K+ addition in Figure A.1.9C and compared in Table A.1.4. Next, 

we also considered surface adsorbed oxygen (OCUS) on the MnCUS site to model the adsorbed 

oxygen that have been reported to be the active species during HCHO oxidation for birnessite 

manganese oxides using during low temperature O2-TPR.55 Such OCUS are also formed more 

favorably by -0.44 eV in the presence of K+ atoms when compared to the stoichiometric surface 

without K+ atoms as seen in Figure A.1.9A, Figure A.1.9B, and Table A.1.4. Finally, we also 

considered surface with both OHCUS and OCUS to model the synergistic effect of both species in 

aiding HCHO oxidation.56 Finally, to understand the role of water in aiding HCHO oxidation and 

the interaction of water with reaction intermediates, we considered addition of molecular water 

to the oxide surface with formate and carbonate reaction intermediates.  

VASP package 57–59 was used to perform the DFT calculations with the PBE functional 60 and PAW 

projectors.61,62 Hubbard correction of U = 2.8 eV and J = 1.2 63 (Ueff = 1.6 eV) was used for Mn 3d.  
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The cut off energy was chosen as 550 eV while the Monkhorst–Pack 64 The calculated super cell was 

a 1 × 2 repeated unit, with 4 Mn–O layers (2 free to relax and 2 fixed) was used for the generation of 

the surface phase diagram while a larger unit 1x3 was used for the reaction pathway evaluation. 8x8x1 

k-point sampling for the super cell was used for the 1x2 unit cell while 5x8x1 was used for the 1x3 

unit cell. The Gibbs free energies were calculated by correcting the DFT energies (E) by Zero Point 

Energy (ZPE) and vibrational entropy using the formula, ΔG = E + ZPE - TΔS.65 For the surface, the 

contributions of all atoms beyond the fully reduced surface were considered for the ZPE and 

vibrational entropy terms.66,67 The adsorbed species were referenced to the table value of gas-phase 

values.  Gas phase O2 reference was calculated using the formula, 

GBC = GDCB−GDC−∆GGHI 

Two different methodologies were used to calculate the energy of the dissociated hydrogen to 

form a bridge hydroxyl to model coverage at high and low coverage. In the first method, the 

binding energy of the configuration was calculated using a surface containing carbonaceous 

reaction intermediate and the bridge hydroxyls co-adsorbed on a single simulation cell of 3 x 1 

Å, modelling high hydroxyl coverage (θhigh) while in the second case, two different simulation 

cells of 3 x 1 Å were used for the bridge hydroxyls and the carbonaceous intermediate to model 

the low hydroxyl coverage (θlow).  

2.3 Catalyst deactivation with increasing HCHO concentration 

Complete removal of formaldehyde was observed by exposing the manganese dioxide to 

formaldehyde at low concentrations at room temperature (Figure 1A). Total conversion of 

HCHO to CO2 of ~16 % was noted for the reaction condition of 0.5 ppmHCHO/BalanceN2 for 1500 

min, while the addition of water vapor resulted in nearly complete HCHO conversion to CO2 for 

the reaction conditions of 0.5 ppmHCHO/0.7%H2O/BalanceN2 and 0.5 

ppmHCHO/0.7%H2O/10%O2/BalanceN2. 

Unfortunately, the catalyst became deactivated after 5000 minutes in presence of water vapor, as 

seen by the decrease in CO2 conversion in the inset of Figure 1A. Moreover, DRIFTS spectra 

after flowing 0.5 ppmHCHO/BalanceN2 for 1500 minutes revealed the presence of bidentate 

formate (HCOOoxide: 1565, 1373, 1350 and 1320 cm-138,39,26 and carbonate (CO2Ooxide: 1512 and 
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1340 cm-1 in Figure 1B)42,43 reaction intermediates (Figure 1B). Interestingly,  dioxymethylene 

reaction intermediate (DOM, HCHOOoxide : 1432, 1154 and 996 cm-1)40,41 reported previously11 

was not observed. On the other hand, DRIFTS measurements after exposure for 1500 minutes in 

presence of water vapor, for the reaction conditions of 0.5 ppmHCHO/0.7%H2O/ BalanceN2 and 0.5 

ppmHCHO/0.7%H2O/10%O2/BalanceN2, showed molecular water (H-O-H bending at 1648 cm-1, 

Figure 1B) and OH stretching in water (2680-3550 cm-1 in Figure 1C). The peak intensities from 

potential reaction intermediates from HCHO oxidation were not observed with experimental 

certainty. We subsequently purged the DRIFTS reaction chamber with 100%N2 to reduce the 

signals from water, which revealed much lower intensities of HCOOoxide and CO2Ooxide reaction 

intermediates in comparison to the reaction condition of 0.5 ppmHCHO/BalanceN2 (Figure 1B). 

Therefore, the complete conversion of HCHO to CO2 with the addition of water vapor can be 

attributed to the reduced built up of reaction intermediates such as HCOOoxide and CO2Ooxide on 

the catalyst surface facilitated by water. Furthermore, the corresponding hydroxyl region after 

100%N2 purging in both the cases where 0.7%H2O was present in the gas stream revealed the loss 

of intensity at 3590 cm-1 assigned to OHCUS (Figure 1C) and the increase in intensity in the 2700 

cm-1 and 3600 cm-1 region attributed to formation of the bridge hydroxyl (OHBRI). Therefore, the 

complete conversion of HCHO to CO2 (Figure 1A), along with the lower intensity of the 

carbonaceous reaction intermediates (Figure 1B) and the decrease in OHCUS intensity peak 

intensity and the formation of the OHBRI and suggests that the deactivation of the catalyst in the 

presence of water vapor is not due to buildup of carbonaceous reaction intermediates but due to 

the decrease in the intensity of OHCUS and the buildup of OHBRI. Next, we studied the role of 

increasing HCHO concentration in the gas stream to understand the nature of the reaction 

intermediates. 
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Figure 1: Complete HCHO oxidation at low concentration. A) Reactor data for 0.5 
ppmHCHO/BalanceN2 (light grey), 0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 (dark grey), and 
0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 (medium grey) inlet gas compositions showing CO2 
converted (%) and HCHO adsorbed (%) for 1500 min and inset showing decrease in CO2 
converted for the 0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 (dark grey), and 
0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 (medium grey) at ~5000 min. HCHO adsorbed is not 
shown in this case due to detection limitation. DRIFTS spectra collected B) in the 900-1800 cm-1 
region showing the formation formate (HCOOoxide), and carbonate (COO2oxide) reaction 
intermediates in the dry conditions (light grey), after flowing 0.5 ppmHCHO/BalanceN2 for 1500 
min whereas only water-related peak at 1647 cm-1 is observed case when water vapor was also 
present in the gas stream (medium and light grey). Purging with 100%N2 for 400 min removed 
the water related peak at 1647 cm-1 to reveal smaller intensity of the carbonate and formate 
reaction intermediates, C) in the 2700-3700 cm-1 region showing water related O-H stretching 
peak in the presence of water in the gas stream for the 0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 
and 0.5ppmHCHO/0.7%H2O/10%O2/BalanceN2 and purging with 100%N2 revealed a loss of intensity 
of the OHCUS  at 3590 cm-1 and a gain in intensity of OHBRI between 2700 and 3600 cm-1. 
Catalyst loading was 25 mg MnOx and total gas flow rate was 200 ml min-1 and error bars are 
obtained from three separate measurements. The % conversion of HCHO to CO2 was calculated 
using the formula,  %conversion = 100*(ppmCO2/ppmHCHO), where ppmHCHO was the inlet 
concentration of formaldehyde gas that the catalyst was exposed to and ppmCO2 was the CO2 
generated. The % HCHO adsorbed was calculated using the formula,  %conversion = 
100*(ppmHCHOout/ppmHCHOin), where ppmHCHOin was the inlet concentration of formaldehyde gas 
that the catalyst was exposed to and ppmHCHOout was the HCHO measured after exposure to the 
catalyst. 25 mg MnOx catalyst was mixed with 25 mg KBr for the DRIFTS measurements and 
total flow rate was 200 ml min-1 was used for all the measurements.  
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With increasing HCHO concentrations from 0.5 ppm to 20 ppm, the time for complete HCHO 

removal as well as the HCHO conversion (%) was reduced considerably. Increasing HCHO 

concentration from 0.5 ppmHCHO to 20 ppmHCHO with 0.7%H2O/BalanceN2 decreased the time for 

complete HCHO removal from 4500 min to 50 min, as shown in Figure 2A. Interestingly, the 

CO2 conversion (%) for HCHO concentrations of 1 ppm and greater was found to first increase 

and then decrease with time, where the peak of CO2 conversion (%) was associated with the 

onset of HCHO release as seen in Figure 2A. The correlation of the onset of HCHO release and 

the decrease in CO2 conversion (%) can be attributed to the lack of surface adsorption sites for 

HCHO due to gradual buildup of reaction intermediates from HCHO adsorption with time. This 

hypothesis is in agreement with shortened time for complete HCHO removal with greater 

coverage of HCHO adsorbed on the catalyst surface (estimated from CO2 conversion and HCHO 

adsorbed in Figures 2A), giving rise to increased HCHO surface coverage from ~0 to 1.12 ML 

from 0.5 to 20 ppm HCHO concentration as seen in Figure 2B, which will be further discussed in 

the context of DRIFTS measurements in later sections. Further support came from the 

observation that increasing catalyst loading or surface area in the measurements from 25 mg to 

100 mg lengthened the time of complete HCHO removal as shown in Figure 2C. Interestingly, 

the percentage of conversion to CO2 was not enhanced by having greater total catalyst surface 

area (Figure 2C), where similar turnover frequency (TOF) was found for a greater catalyst 

loading. (Table A.1.5). This observation suggests that the adsorption of HCHO on the catalyst 

area is not rate limiting for the conversion kinetics of HCHO to CO2, and further mechanistic 

details will be discussed in the later section. In addition, the presence of water vapor in the 

measurements or the adsorption of water on the catalyst surface can reduce the availability of 

surface sites for HCHO adsorption and shorten the time of complete HCHO removal. The time 

of complete HCHO removal was ~175 minutes under 20 ppmHCHO/BalanceN2 and 20 

ppmHCHO/10%O2/BalanceN2 which was much longer than those (~50 minutes) obtained from 

0.7%H2O/10%O2/BalanceN2 and 20 ppmHCHO/0.7%H2O/BalanceN2, as shown in Figure 2DD. 

Moreover, the addition of water vapor was found to greatly enhance the percentage of 

conversion from HCHO to CO2, as shown by much greater percentage of CO2 conversion 

(~40%) for 20 ppmHCHO with 0.7%H2O/10%O2/BalanceN2 and 0.7%H2O/BalanceN2 than those of 

with 10%O2/BalanceN2 and BalanceN2 (~7%, Fig. 2D). To confirm the role of water in decreasing 
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the time of complete HCHO removal, we first exposed the catalyst to 20 

ppmHCHO/0.7%H2O/BalanceN2 for ~50 minutes to the onset of HCHO release and then switched 

20 ppmHCHO/BalanceN2, which yielded additional ~100 min for complete HCHO removal (Figure 

A.1.10). Next, we studied the role of water and HCHO concentration in affecting the nature of 

reaction intermediates using DRIFTS. 

 

Figure. 2: Effect of water and HCHO concentration in HCHO conversion to CO2. Reactor 
data showing A) CO2 conversion (%) and HCHO adsorption (%) with time showing an increase 
in CO2 conversion with time until HCHO adsorption breakthrough for HCHO concentrations of 
1-20 ppm with 0.7%H2O/BalanceN2, B) Total CO2 converted (%) and surface coverage of 
carbonaceous reaction intermediates till HCHO breakthrough as a function of HCHO 
concentration showing an increase in CO2 conversion from 30% and surface coverage of 1.05 
ML to ~0 ML at 20 ppmHCHO/0.7%H2O/BalanceN2 HCHO to ~100% at 0.5 ppm HCHO 
/0.7%H2O/BalanceN2 with decreasing the low concentration, C) CO2 conversion (%) and HCHO 
adsorption (%) with time for the 20 ppmHCHO/0.7%H2O/BalanceN2 with 25 mg and 100 mg MnOx 
catalyst loading, D) CO2 conversion (%) and HCHO adsorption (%)with time for 20 
ppmHCHO/0.7%H2O/BalanceN2, 20 ppmHCHO/10%O2/0.7%H2O /BalabceN2, 20 ppmHCHO/BalanceN2 
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and 20 ppmHCHO/10%O2/BalanceN2 reaction conditions. Total gas flow rate was 200 ml min-1 for 
all the reactor experiments. Total CO2 conversion (%) and surface coverage of carbonaceous 
species was calculated by subtracting the total amount of CO2 converted from the amount of 
HCHO adsorbed up to the breakthrough point using the equation, 𝜃(𝑀𝐿) =

	
()*+∗-.∗/∗	(∫123435

5 623435	7896∫ 2	45:89

-;∗<=
, NA is the Avogadro’s number, Vm is the molar volume 

(mol l-1), F is the flow rate (ml min-1),	𝐶?2?@@  is the inlet HCHO concentration in ppmm, 𝐶?2?@	 is 
the outlet HCHO gas concentration in ppmm, 𝐶	2@:  is the outlet gas concentration in ppmm, Ns is 
the total available surface sites (1.5*1019 sites) calculated using a surface site density of  10 
sites/nm2 37 assuming that 1/3 of the sites are available for HCHO adsorption. Breakthrough 
time was defined as the time when less than 90% of the inlet HCHO concentration is adsorbed.    

 

2.4 In situ DRIFTS measurements with increasing HCHO concentration 

In situ DRIFTS measurements were performed to understand the role of HCHO concentration 

and water on the nature and amount of reaction intermediates on the catalyst surface, which 

could influence the time of complete HCHO removal and the percentage of HCHO to CO2 

conversion. DRIFTS spectra were dominated by molecular water (H-O-H bending at 1648 cm-1 

and O-H stretching between 2800-3600 cm-1 in Figure A.1.6) at low HCHO concentrations of 

0.5 and 1 ppm with 0.7%H2O/BalanceN2 in Figure 3A, bidentate formate (HCOOoxide: 1567, 1384, 

1354, 1320 cm-1) 38,39,26  and carbonate (COO2oxide: 1512 and 1340 cm-1)43 became dominant with 

increasing HCHO concentrations from 5 to 20 ppm, which was accompanied with significant 

reduction in the intensity of H-O-H bending at 1648 cm-1 as seen in Figure 3A. In addition, the 

peaks of DOM (HCHOOoxide: 1432, 1154 and 996 cm-1) were not discerned up to 120 minutes 

within experimental uncertainty for all the HCHO concentrations examined in presence of water 

vapour (0.7%H2O/BalanceN2 in Figure 3A and A.1.11A specifically for HCHOOoxide and 

HCOOoxide regions). Moreover, the spectra obtained under 20 

ppmHCHO/0.7%H2O/10%O2/BalanceN2 were found to be similar to those obtained without oxygen 

in the gas stream (20 ppmHCHO/0.7%H2O/10%O2/BalanceN2) as shown in Figure A.1.12A-D, 

indicating minimum influence of oxygen on the coverage of steady-state reaction intermediates 

on the catalyst surface.  

Further, the peak intensities of H-O-H bending (at 1648 cm-1), bidentate formate (HCOOoxide: 

1567, 1384, 1354, 1320 cm-1) 38,39,26 increased with time for all the inlet concentrations of HCHO 
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(Figures S13A-E). The relative intensities of surface intermediates of HCOOoxide at 1567 cm-1 

and  -H2Owater at 1648 cm-1 under 20 ppmHCHO/0.7%H2O/BalanceN2 were found to increase with 

time (up to 120 minutes) while that of CO2Ooxide at 1512 cm-1 was found to peak at ~50 minutes, 

which was accompanied with the onset of HCHO release and peak percentage of conversion to 

CO2 at ~50 minutes, as shown in Figure 3B, and relevant DRIFTS full spectra are shown in 

Figure A.1.12A and A.1.12C and specifically the carbonate region in Figure A.1.14A. Therefore, 

the onset of HCHO release at high HCHO concentrations in presence of water vapour can be 

accompanied with complete blocking of surface sites for HCHO adsorption due to the built-up of 

formate on the catalyst surface while the more active conversion kinetics from HCHO to CO2 in 

the presence of water can be correlated with surface coverage of carbonate (greater coverage of 

carbonate rendering high conversion percentage). On the other hand, DOM peak intensities 

became pronounced at increasing HCHO concentration without water vapour (Figure 3C and 

Figure A.1.11B specifically for the HCOOoxide and HCHOOoxide regions) which suggests that the 

dehydrogenation kinetics of HCHOOoxide on the catalyst surface to other reaction intermediates 

such as HCOOoxide could be slower in the absence of water. Furthermore, spectra obtained 

under 20 ppmHCHO/10%O2/BalanceN2 are similar to those without oxygen as shown in Figure 

A.1.15A-D indicating minimum influence of oxygen on the surface coverage of reaction 

intermediates. The relative intensities of both HCOOoxide at 1567 cm-1 and HCHOOoxide between 

900-1110 cm-1 under 20 ppm HCHO/BalanceN2 were found to increase with time (up to 180 

minutes) while that of CO2Ooxide at 1512 cm-1 was largely unchanged after initial increase, as 

shown in Figure 3D and the corresponding DRIFTS spectra in Figure A.1.15A and A.1.15B with 

the carbonate region specifically in Figure A.1.14B. Therefore, the onset of HCHO release at 

high HCHO concentrations without water vapour can be accompanied with complete blocking of 

surface sites for HCHO adsorption due to the build-up of HCOOoxide, COO2oxide as well as 

HCHOOoxide on the surface, where the kinetics of dehydrogenation of HCHOOoxide to HCOOoxide 

is slower than that in presence of water vapour (as indicated by minimum HCHOOoxide detected 

with water vapour), allowing longer time for complete HCHO removal in Figure 3D. 

Unfortunately, the conversion from HCHO to CO2 at high concentrations without water vapour 

was lower than in the case where water vapour was present along with the trend of CO2 

evolution decreasing at the HCHO release, which was accompanied by no decrease in the surface 

coverage of COO2oxide (Figure 3D), in agreement with the two hypotheses that the amount of 
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CO2 evolution scales with surface coverage of carbonate on the catalyst surface as well as a 

direct pathway discussed earlier. Furthermore, in the case where water vapour was in the gas 

stream, the presence of a large water peak, OHwater in the 2900-3500 cm-1 ranges in Figure 

A.1.12A and A.1.12B makes it difficult to infer the hydroxyl peak region. In case where no 

water vapour was present, decrease in the OHCUS peak at ~3590 cm-1 was observed in Figure 

A.1.15C and A.1.15D suggesting that OHCUS species are involved during the formation of 

HCHOOoxide, HCOOoxide, and CO2Ooxide reaction intermediates. (For example, 

HCHOOoxide+OHCUS	→ HCOOoxide+H2O). Next, we used both reactor studies and DRIFTS to 

understand how to avoid surface poisoning by the removal of HCHOOoxide, HCOOoxide, and 

CO2Ooxide reaction intermediates 

.     

Figure. 3: Effect of HCHO and H2O concentrations on nature of reaction intermediates. A) 
DRIFTS spectrum in the 900-1800 cm-1 region for 0.5-20ppmHCHO/0.7%H2O/BalanceN2 at 120 
min showing water (H2O, yellow), bidentate formate (HCOOoxide, green), and carbonate 
(COO2oxide, orange) related peaks and no DOM (HCHOOoxide, blue) peaks in any of the spectra. 
B) Integrated intensities of the HCOOoxide, COO2oxide, and H2O species for the 20 
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ppmHCHO/0.7%H2O/BalanceN2 cases showing that increased HCOOoxide intensity with time while 
COO2oxide intensity increased initially for 40 min and then decreased with time. Reactor data 
showed CO2 conversion % (gray) increasing with time until HCHO adsorption breakthrough 
(red) after which CO2 conversion (%) starts decreasing. C) DRIFTS spectrum in the 900-1800 
cm-1 region for 0.5-20ppmHCHO/BalanceN2 at 120 min showing that HCHOOoxide, HCOOoxide, and 
COO2oxide reaction intermediates with the major reaction intermediates changing from COO2oxide 
to HCOOoxide and HCHOOoxide with increasing HCHO concentration, D) Integrated intensities of 
the HCOOoxide, COO2oxide, and HCHOOoxide reaction intermediates for the 20 ppmHCHO/BalanceN2 
where HCHOOoxide, HCOOoxide, and COO2oxide increased with time Reactor data also showed 
CO2 conversion (%, gray) increasing with time and decreasing at the HCHO adsorption 
breakthrough (red). Catalyst loading was 25 mg MnOx while and total gas flow rate was 200 ml 
min-1.  25 mg MnOx catalyst was mixed with 25 mg KBr for the DRIFTS measurements and total 
gas flow rate was 200 ml min-1. Integrated intensities are calculated using the H2O at 1647 cm-1, 
HCOOoxide peak at 1567 cm-1, COO2oxide peak at 1512 cm-1 and the HCHOOoxide region between 
900-1100 cm-1 and the specific regions are shown in Figure A.1.11A, B and the corresponding 
hydroxyl regions are shown in Figure A.1.12B and Figure A.1.15B respectively.   

Transient experiments of gas detection at the reactor outlet and DRIFTS experiments were 

conducted by flowing gas free of HCHO after exposure to 20 ppm HCHO concentrations with 

and without water vapour. After exposing the catalyst under 20 ppmHCHO/BalanceN2 for 200 

minutes to achieve breakthrough, (Figure A.1.16) 100%N2 was flown subsequently for 160 

minutes at room temperature, during which HCHO and CO2 concentrations at the reactor outlet 

were measured and DRIFTS experiments were conducted to monitor changes in the reaction 

intermediates. Considerable HCHO was detected, which suggested that weakly bound HCHO 

could desorb using N2 gas purging. In addition, desorption of HCHO, decreased from ~25 to ~1 

ppm with time (Figure 4A), which was accompanied with considerable reduction in the relative 

intensity of HCHOOoxide (Figure A.1.17A), and notable growth in the HCOOoxide intensity was 

seen before reaching plateaus after ~80 minutes while the COO2oxide intensity did not change 

considerably. These observations can be explained by assuming the presence of a weakly 

adsorbed intermediate such as HCHOOoxide, which could both desorb as HCHO and 

dehydrogenate to HCOOoxide. Also, no new COO2oxide formation under transient reaction 

conditions suggested that the observed HCHOOoxide does not convert to COO2oxide and a second 

pathway for the carbonate formation is possible, aided by both surface hydroxyl and oxygen 

species (e.g. HCHO+OHCUS +2Ooxide	→ COO2oxide + Ooxide + H2O). On the other hand, minute 

CO2 was detected, which may suggest that further dehydrogenation of HCOOoxide, (e.g. 

HCOOoxide + Ooxide	→ CO2 + OoxideH), and removal of COO2oxide (e.g. COO2oxide → CO2+Ooxide), 
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on the surface are rate-limiting for the evolution of CO2 rendering the catalyst surface blocked or 

poisoned by formate and carbonate reaction intermediates. Finally, the lack of CO2 conversion in 

the absence of HCHO and the lack of any changes in the corresponding hydroxyl region (Figure 

A.1.17C) also support the hypothesis that a direct pathway of HCHO conversion to CO2 is 

responsible for the CO2 conversion under dry conditions prior to breakthrough.  

In contrast, flowing 0.7%H2O/BalanceN2 after exposure to 20 ppmHCHO/0.7%H2O/BalanceN2  for 

200 min revealed that some HCHO desorption and considerable CO2 generation was 

accompanied with reduction in the relative intensity of HCOOoxide, and COO2oxide, reaction 

intermediates with time (Figure 4B and Figure A.1.17C). This observation suggests that  CO2 

may formation may result from dehydrogenation of HCOOoxide and conversion of COO2oxide, 

which is catalysed by the presence of water vapour, leading to the formation of OHBRI, (2800-

3600 cm-1 in Figure A.1.14D) and for e.g. HCOOoxide+Ooxide+ H2O → CO2 + OHBRI + H2O and 

COO2oxide+ H2O → CO2 + Ooxide + H2O) unlike the reactions without water (Figure A.1.14B) 

where no significant CO2 was generated and no formation of OHBRI was observed. The presence 

of the large water peaks in the corresponding hydroxyl region in Figure A.1.17D makes it 

difficult to infer changes in the hydroxyl region in this case.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

To further support that water can facilitate the conversion of bidentate formate and carbonate to 

CO2, the following experiment was conducted, where 1.9%H2O/BalanceN2 (at a higher flow rate 

of 250 ml min-1) was introduced after the catalyst was poisoned with reaction intermediates by 

introducing 20 ppmHCHO/BalanceN2 in Figure 4C to catalyse the conversion of HCHOOoxide, 

HCOOoxide, and COO2oxide to CO2. This hypothesis is supported by DRIFTS measurements. In 

particular, the introduction of 1.9%H2O/BalanceN2 following 20 ppmHCHO/BalanceN2 for 180 

minutes removed HCHOOoxide peaks and considerably reduced the intensities of HCOOoxide and 

COO2oxide reaction intermediates as revealed after flowing 100% N2 to remove H2O species, and 

complete removal of HCOOoxide, and COO2oxide was possible after 300 min (Figure 4C). In 

addition, COO2oxide peak disappeared prior to the removal of HCOOoxide in Figure 4C. 

Furthermore, the introduction of 1.9%H2O/BalanceN2 was accompanied with a redshift in the peak 

at 1384 cm-1 and 1350 cm-1 as shown in Figure A.1.18A corresponding to the δ(CH) and 

υas(OCO) vibrating modes of bidentate HCOOoxide. This redshift can be attributed to water non-
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covalent interactions with formate adsorbed on the surface, which is supported by DFT results 

(Figures S19A-D) and in agreement with previous work on water interactions between chemical 

species and hydrogen bond formation.68,69 20 ppmHCHO/BalanceN2 was re-adsorbed after 

complete removal of reaction intermediates after flowing using 1.9%H2O/BalanceN2for for 300 

min, and the DRIFTS spectra showed the formation of HCOOoxide, and COO2oxide reaction 

intermediates (Figure 4C) although with reduced intensity suggesting that some of the reaction 

sites leading to HCOOoxide, and COO2oxide formation are not completely replenished after 

purging the catalyst surface with water following the initial surface poisoning. We also observed 

a decrease in the intensity of OHCUS peak at 3590 cm-1 and a slight increase in the OHBRI peak in 

the 2800-3300 cm-1 regions during the initial 20 ppmHCHO/BalanceN2 adsorption (Figure 

A.1.18B). Interestingly, during the conversion of HCOOoxide and COO2oxide to CO2 after H2O 

adsorption, only an increase in OHBRI peak intensity was observed but OHCUS peak intensity did 

not decrease. These results suggested that the adsorption of HCHO as DOM (HCHOOoxide), 

dehydrogenation of HCHOOoxide to HCOOoxide is aided by OHCUS, (e.g. HCHOOoxide + OHCUS	→ 

HCOOoxide + H2O) and the conversion of HCOOoxide to CO2 is accompanied by OHBRI formation 

(HCOOoxide+ OBRI→	COOoxide + OHBRI). This hypothesis is further supported by DRIFTS spectra 

obtained upon re-adsorption of 20 ppmHCHO/BalanceN2 where HCHOOoxide, HCOOoxide, and 

COO2oxide reaction intermediates are observed in Figure 4A along with a further decrease in the 

OHCUS peak intensity in Figure A.1.18B.  

Reactor experiments upon flowing 1.9%H2O/BalanceN2 after achieving breakthrough with 20 

ppmHCHO/BalanceN2 are shown in Figure 4D and of significance to note is that minimal HCHO 

desorption was found but considerable CO2 was generated over time. This result further supports 

that the presence of water is key to catalyse the conversion of surface reaction intermediates such 

as HCOOoxide, COO2oxide and HCHOOoxide to CO2 as discussed in the DRIFTS results in Figure 

4C.  After flowing 1.9%H2O/BalanceN2 for 500 minutes, 20 ppmHCHO/BalanceN2 was re-

introduced, where the time for complete removal of HCHO to 120 min from 180 min upon the 

first exposure of 20 ppmHCHO/BalanceN2 (Figure A.1.20A). Subsequent reflowing of 

1.9%H2O/BalanceN2 and re-introduction of 20 ppmHCHO/BalanceN2 further reduced the time of 

complete HCHO removal to 110 min with a decrease in the CO2 generated (Figure A.1.20A). 

Similar results were found with flowing 1.9%H2O/10%O2/BalanceN2 to those of 
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1.9%H2O/BalanceN2 (Figure A.1.20B). These results further support that water vapour can 

generate reaction intermediates on the catalyst surface such as bridge hydroxyl, which can block 

the re-adsorption of HCHO on the surface, leading to shortened time of complete HCHO, in 

agreement with the decreased intensity of reaction intermediates after HCHO re-adsorption in 

Figure 4C.  

Moreover, after exposing the catalyst to 20 ppmHCHO/BalanceN2 for 12 min to obtain equal peak 

intensities of HCOOoxide, and COO2oxide reaction intermediates (Figure A.1.19A), and flowing 

0.7%H2O/BalanceN2 reduced the intensities of HCOOoxide, and COO2oxide. However, the peak 

intensity ratio of formate and carbonate reaction intermediates remained constant in Figure 

A.1.21C, suggesting that kinetics from carbonate to CO2 are too rapid to observe any changes in 

the relative intensities of HCOOoxide, and COO2oxide reaction intermediates or the bidentate 

HCOOoxide does not convert to carbonate. This result is consistent with the no increase in 

COO2oxide intensity under transient reaction conditions in Figure 4A and the presence of a second 

reaction pathway for carbonate formation. The corresponding hydroxyl region showed only a 

slight decrease in the intensity of the OHCUS peak at 3590 cm-1 and the OHBRI peak between 

2900-3300 cm-1 during the adsorption of 20 ppmHCHO/BalanceN2 as shown in Figure A.1.20B. 

Addition of water and the removal of formate and carbonate reaction intermediates using 

0.7%H2O/BalanceN2 led to an increase in the intensity of the OHBRI peak consistent with the 

observations in Figure A.1.15B, where OHCUS consumption was hypothesized to aid DOM, 

formate, and carbonate formation while the OHBRI formation was responsible in facilitation of 

CO2 formation via dehydrogenation of HCOOoxide. Hence, it was concluded that formate and 

carbonate intermediates formed on different reaction sites and the diffusion of intermediates 

across different surface sites does not occur at room temperature. To understand HCHO 

oxidation via different reaction pathways, we next computed HCHO oxidation energetics on 

MnO2(110) surface termination with various surface adsorbed oxygen and hydroxyl species.    
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Figure 4: Effect of transient reaction conditions without HCHO in the gas stream on the 
nature of reaction intermediates. A) Integrated intensities of the bidentate formate (HCOOoxide, 
green) carbonate (COO2oxide, orange,), and DOM (HCHOOoxide, blue) reaction intermediates 
during purging under nitrogen where HCHOOoxide intensity decreased monotonically with time 
while HCOOoxide intensity increased with time and COO2oxide intensity did not change 
considerably along with HCHO desorption and no significant CO2 conversion (%), B) Integrated 
intensities of the adsorbed H2O, HCOOoxide, COO2oxide, and HCHOOoxide reaction intermediates 
for transient reaction conditions with purging under 0.7%H2O/Balance case where HCOOoxide, 
and COO2oxide intensities decreased with time with higher CO2 conversion (%) and lower HCHO 
desorption (%, red). C) DRIFTS spectrum in the 900-1800 cm-1 region showing the formation of 
HCOOoxide, COO2oxide, and HCHOOoxide reaction intermediates after flowing 20 
ppmHCHO/BalanceN2for 180 min followed by flowing 1.9%H2O/BalanceN2 for 180 and 300 min at 
250 ml min-1 and purging with 100%N2, and re-adsorption of 20 ppmHCHO/BalanceN2 for 180 min. 
D) Reactor data showing CO2 conversion (%) and HCHO desorbed under 1.9%H2O/BalanceN2 at 
250 ml min-1 after flowing 20 ppmHCHO/BalanceN2 for 180 min. Catalyst loading was 25 mg 
MnOx while and total gas flow rate was 200 ml min-1unless specified otherwise. 25 mg MnOx 
catalyst was mixed with 25 mg KBr for the DRIFTS measurements and total gas flow rate was 
200 ml min-1 unless specified otherwise.  Integrated intensities are calculated using the H2O 
peak at 1647 cm-1, HCOOoxide peak at 1567 cm-1, COO2oxide peak at 1512 cm-1 and the 
HCHOOoxide region between 900-1100 cm-1. 
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2.5 Computed energetics for formaldehyde oxidation on rutile MnO2 (110) 

We next considered MnO2 (110) with adsorbed oxygen (OCUS), hydroxyl (OHCUS), and H2O 

(H2OCUS) to understand the reaction mechanism for HCHO oxidation to CO2. Oxygen-TPD 

revealed low temperature adsorbed oxygen on the birnessite catalyst previously55 and DRIFTS 

spectra in Figures A.1.15C,D, A.1.17B and TGA measurements in   the presence of surface 

hydroxyls species. Therefore, the role of surface adsorbed oxygen and hydroxyls was 

investigated under reaction conditions of 20 ppm HCHO and 10% O2 at 25°C to gain 

fundamental insights into the reaction mechanism of HCHO to CO2 via bidentate formate-

mediated, carbonate-mediated, and monodentate formate-mediated (direct) reaction pathways.  

          

		 

Figure 5: DFT calculated bidentate formate-mediated reaction mechanism centered on 
OHCUS. A) Schematic of reaction mechanism for HCHO oxidation aided by OHCUS via formate-
mediated reaction pathway, and B) DFT-calculated free energy diagram for formaldehyde 
oxidation on the (110) surface of centered on OHCUS. The grey diagram shows the energy of 
bridge hydroxyl energy calculated in separate simulation cell to model low coverage reaction 
conditions (low) and the red diagram shows the reaction energetics calculated in the same 
simulation cell to case to model high coverage reaction conditions (high). Pink, manganese; blue, 
hydrogen; dark red, oxygen; grey, carbon, and dashed blue line indicates hydrogen bond. The 
equations and energetics for each step are reported in Reaction Scheme A.1.1.   

 

We first considered bidentate formate-mediated reaction pathway centered on OHCUS reaction 

sites as shown in Figure 5A (OHCUS formation is also aided by the presence of K+ as shown in 

Figure A.1.8 and Table S4) to understand the reaction mechanism under dry conditions where 

CO2 formation (Fig. 2D) was noted along with decrease in OHCUS peak intensity upon HCHO 
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adsorption (Figures A.1.13C and D). First, adsorption of HCHO on oxygen bridge sites (OBRI) 

and the vacant MnCUS sites as DOM (HCHOCUSOBRI) was found to be downhill with -0.64 eV 

(Figure 5B). More favorable adsorption energy in this case was noted compared to HCHO 

adsorption on a stoichiometric surface as HCHOCUSOBRI without OHCUS (Figure A.1.22A) with 

energy of -0.50 eV (Figure A.1.22B) due to the additional hydrogen bonding of HCHOCUSOBRI 

with OHCUS as reported previously for birnessite.22 Second, dehydrogenation of HCHOCUSOBRI 

aided by OHCUS to form formate (HCOCUSOBRI) and H2O (Figure 5B) is favorable with Gibbs 

free energy of -2.75 eV. The favorable Gibbs free energy conversion of OHCUS to H2O is 

consistent with the decrease of intensity of OHCUS upon HCHO adsorption (Figures S15C, D). 

Third, the dehydrogenation of HCOCUSOBRI was found to occur by the formation of adsorbed 

COCUSOBRI-like species and OHBRI with Gibbs free energy of -2.11 eV for high bridge hydroxyl 

coverage case (-2.19 eV for low bridge hydroxyl coverage). Fourth, adsorbed COCUSOBRI -like 

species desorb to form CO2 with energy of -0.23 eV for high bridge hydroxyl coverage case (-

0.32 eV for low bridge hydroxyl coverage) leading to the formation of bridge surface oxygen 

vacancy. Fifth, molecular oxygen adsorption on the surface to refill the bridge oxygen vacancy 

and form OHCUS is uphill with Gibbs free energy of +0.29 eV to complete the reaction cycle. The 

relative Gibbs free energy of the elementary steps for low and high hydroxyl coverage cases are 

shown in Figure 5B and more favorable dehydrogenation energy for formate conversion to CO2 

is noted for the lower hydroxyl coverage consistent with the higher CO2 conversion (%) 

observed for lower surface coverage in Fig. 2B  

Another pathway centered on OHCUS reaction sites is the incorporation of the hydroxyl moiety 

into the carbon containing intermediate moiety during the first step (Reaction Scheme S3 and 

Figure A.1.23A) leading to the formation of HCHOCUSOHCUS with energy of -0.15 eV and 

further dehydrogenation of HCHOCUSOHCUS to DOM (HCHOCUSOCUS) and formate 

(HCOCUSOCUS) as shown in Figure A.1.23B. We did not consider this pathway due to the weaker 

dissociate HCHO adsorption energy and as HCHOCUSOHCUS was not observed in the DRIFTS 

experiments.  

DFT energetics suggests that OHCUS can aid HCHO adsorption via hydrogen bonding and 

dehydrogenation of HCHOCUSOBRI to CHOCUSOBRI via H2O formation. While the 

dehydrogenation steps of HCHO oxidation in Figure 5 were found to be thermodynamic 
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favorable, the kinetics of HCHO are most likely limited by activation barriers for 

dehydrogenation and/or refilling of surface oxygen vacancies. The activation barrier for 

dehydrogenation of bidentate formate species (HCOCUSOBRI) has been reported to be high owing 

to the geometry of the hydrogen atom positioned perpendicular to the surface70,71 which is further 

increased in the presence of adsorbed hydrogen71. This result is also consistent with the weaker 

dehydrogenation energetics in the presence of the higher bridge hydroxyl coverage as seen in 

Figure 5B. Thus, the reaction mechanism proposed in Figure 5 is consistent with the 

consumption of surface hydroxyls species observed in the DRIFTS spectrum under dry 

conditions along with the buildup of bidentate formate reaction intermediates leading to surface 

poisoning. Moreover, the uphill reaction energy for bridge vacancy refilling, as previously 

shown on early transition metal oxides, is rate limiting for metal oxide-based oxidation 

reactions72,73  

.   

Figure 6: DFT calculated reaction mechanism for MnO2 centered on OHCUS and OCUS. A) 
Schematic of reaction mechanism for HCHO oxidation centered on OHCUS and OCUS via formate-
mediated reaction pathway, and B) DFT-calculated free energy diagram for formaldehyde 
oxidation on the (110) surface of MnO2 centered on OHCUS and OCUS. The equations and 
energetics for each step are reported in Reaction Scheme A.1.4B, C) DFT calculated reaction 
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mechanism for MnO2 centered on OHCUS and OCUS via carbonate-mediated reaction pathway D) 
Schematic of reaction mechanism for HCHO oxidation centered on OHCUS and OCUS via 
carbonate-mediated reaction pathway. Pink, manganese; blue, hydrogen; dark red, oxygen; grey, 
carbon.  The equations and energetics for each step are reported in Reaction Scheme A.1.4A. 

 

Next, we propose a carbonate-mediated reaction pathway for the reaction mechanism centered on 

OHCUS and OCUS surface sites. As the experimental DRIFTS spectrum suggested a second 

pathway for carbonate formation, MnO2 (110) surface with OHCUS and OCUS was considered to 

model the carbonate reaction pathway (Figure 6A). First, HCHO adsorbs dissociatively to form 

formate (HCOCUSOCUS) and bridge hydroxyl (OHBRI) without the formation of DOM with Gibbs 

free energy of -3.72 eV as shown in Figure 6B and described in Reaction Scheme A.1.4A. 

Second, dehydrogenation of HCOCUSOCUS leads to bicarbonate species (HCOCUSOHCUS) and 

OHBRI with Gibbs free energy of -3.43 eV. Third, dehydrogenation of HCOCUSOHCUS to the 

carbonate species (COOCUSOCUS) and OHBRI was found to have Gibbs free energy of -0.48 eV. 

Fourth, conversion of COOCUSOCUS to CO2 was found to have Gibbs free energy of +0.17 eV and 

is consistent with the buildup of carbonate reaction intermediate on the surface as observed in 

Figure A.1.13- A.1.15. Fifth, desorption of the two OHBRI and OCUS species as H2O and finally 

molecular oxygen re-adsorption to replenish the CUS sites have Gibbs free energy of -0.37 eV 

and +2.30 eV respectively. Furthermore, as the carbonate reaction intermediate was the major 

reaction intermediate at low HCHO concentrations  (Figure 3C) and the DFT results showed that 

the carbonate reaction intermediate is aided by OHCUS and OCUS, a low coverage of OHCUS and 

OCUS species is suggested.  

Interestingly, another competing reaction on a surface with OHCUS and OCUS is a monodentate 

formate reaction pathway via the conversion of formate (HCOCUSOCUS) directly to adsorbed 

CO2-like species instead of the carbonate pathway described previously (Figure 6C), which has 

energy of -4.01 eV as shown in Figure 6D described in Reaction Scheme A.1.4B. Desorption of 

adsorbed CO2-like species to CO2 has an energy of -0.06 eV. The larger dehydrogenation energy 

in this case and the stabilization of the monodentate configuration in the presence of OHCUS and 

OCUS suggests that this direct dehydrogenation pathway can lead to direct HCHO oxidation to 

CO2 even under dry conditions as observed in Figure 3B and Figure 3D. Finally, the adsorption 

of oxygen is uphill with energy of +1.61 eV and the desorption of H2O is also uphill with +0.68 
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eV in this case in agreement with the trends of strong dehydrogenation energy being correlated 

to weaker oxygen adsorption energies in Figures A.1.24A-D. The stronger oxygen vacancy re-

filling energy in the presence of bridge hydroxyl can be explained by the delocalization of the 

electrons donated by the OH groups to the metal atoms.74   

We also investigated the another carbonate-mediated pathway centered only on of OCUS unaided 

by OHCUS as shown in Figure A.1.25A as previously favorable carbonate formation has been 

reported on rutile RuO2 (110) along the CUS row in the presence of surface oxygen75 and also in 

the presence of K+.76 Herein the adsorption of HCHO as HCHOCUSOCUS was found to have 

energy of -1.1 eV (Figure A.1.5B and described in Reaction Scheme A.1.5). Although the 

HCHO adsorption energy is favorable compared to the stoichiometric surface, the larger and 

direct dehydrogenation energy of HCHO to HCOCUSOCUS in the case of reaction pathway 

centered on both OHCUS and OCUS is consistent with the absence of DOM and formate species 

peaks that converted to the corresponding carbonate species in the DRIFTS in Figure 4C and 

Figure A.1.15B. Hence, we did not consider this pathway further for carbonate formation. Next, 

the role of water was considered to understand the decrease in lifetime in the presence of water 

as well as the increase in CO2 conversion in Figure 3B and Figure 3D. 

Next, as combined DRIFTS and reactor studies (Figures 4C,D) showed that the formate and 

carbonate reaction intermediates are converted to CO2, in the presence of H2O, reaction 

mechanism for formate and carbonate conversion to CO2 was considered. First, we note that 

addition of H2O on a CUS site adjacent (H2OCUS2) to the bidentate formate (HCOBRI1OCUS1) to 

maintain the BRI-CUS configuration is stable by -0.01 eV (Figure 7A). Next, H2O adsorption on 

the same CUS site, (H2OCUS1, Figure 7A) leading to the formation of monodentate formate is less 

stable by +0.12 eV as seen in Figure 7A. As the differences in the energy amongst the bidentate 

and monodentate formate configurations are comparable, the bidentate formate is expected to 

still be a poisoning reaction intermediate with the addition of one water molecule leading to a 

decrease in the catalyst lifetime as H2O now occupies the MnCUS sites. Furthermore, addition of a 

second molecule of H2O on the MnCUS site (H2OCUS2) was considered to model higher 

concentration of water under transient reaction conditions of Figure 4C. It was seen that 

monodentate HCOBRI1OCUS1 is stabilized by -0.41 eV in the presence of 2 water molecules in 

Figure 6A. Further, dehydrogenation of monodentate HCOBRI1OCUS1 to CO2 and OHBRI is 



 69 

downhill with Gibbs free energy of –1.68 eV compared to -1.48 eV for the bidentate 

HCOBRI1OCUS1 conversion consistent with the reported smaller barrier for monodentate 

HCOBRI1OCUS1 oxidation to CO2,71,77 The formation of OHBRI is also consistent with the increase 

in the intensity of OHBRI in the DRIFTS spectrum after the conversion of formate to CO2 in 

Figure A.1.15B.  

Further, we considered the conversion of COOCUS1OCUS2 to CO2. Herein, the addition of one 

H2O molecule leading to CO2 formation (Figure 7B) was found to be favorable with an energy of  

-0.14 eV while CO2 desorption energy in the presence of two water molecules was found to be -

0.73 eV as seen in Figure 7B. This result further supports the early observation that carbonate 

reaction intermediate can be converted to CO2 in the presence of H2O. Next, we investigated the 

reaction mechanism for the role of water in decreasing the catalyst lifetime in the presence of 

H2O. 

.  

Figure 7: DFT-calculated interaction of H2O with formate and carbonate reaction 
intermediates. A) DFT–calculated energetics for dehydrogenation of bidentate formate 
(HCOBRIOCUS) to CO2 and OHBRI in the presence of one co-adsorbed water on adjacent MnCUS 
site, same MnCUS site leading to monodentate formate configuration, in the presence of two H2O 
molecules with OHBRI, OHCUS, and H2OCUS also leading to monodentate formate reaction 
intermediate prior to dehydrogenation to CO2, B) DFT–calculated energetics of the conversion 
of carbonate (COOCUS1OCUS2) reaction intermediate to CO2 in the presence of increasing zero, 
one and, two H2O molecules adsorbed on MnCUS sites. Pink, manganese; blue, hydrogen; dark 
red, oxygen; grey, carbon and dashed blue line indicates hydrogen bond.  

To understand the decrease in catalyst lifetime during water co-adsorption in Figure 3B and 

Figure 3D, we first considered molecular H2O adsorption on MnCUS sites (H2OCUS with energy of 

-0.20 eV (Figure A.1.26A). Next, adsorption of HCHO in a BRI-CUS configuration to form 
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DOM adjacent to the H2OCUS2 (HCHOBRI1OCUS-H2OCUS)	is favorable with energy of -0.85 eV as 

shown in Figure A.1.26B and described in Reaction Scheme A.1.A. Meanwhile, monodentate 

adsorption of HCHO on the bridge site with H2OCUS (H2COBRIO-H2OCUS)	which can lead to CO2 

conversion with lower barrier has a much weak adsorption energy of +0.17 eV as seen in Figure 

A.1.27A and Figure A.1.27B and described in Reaction Scheme A.1.B. Therefore, the more 

favorable adsorption energy for co-adsorption of water and HCHO in a BRI-CUS configuration 

(H2COBRI1OCUS1, H2OCUS2) leads to a decrease in the lifetime of the catalyst as MnCUS sites are 

now occupied by H2O supporting earlier experimental observations in Figure 3B and Figure 3D 

where a decrease in lifetime is observed upon addition of water.  

Finally, to understand the higher CO2 conversion at lower HCHO coverage/concentration (Figure 

2A), we propose a reaction pathway centered on OCUS and H2OCUS12,78 as shown in Figure 8A. 

First, direct dissociative dehydrogenation of HCHO was seen in Figure 8A to form formate 

(HCONOPO−HCONOP) and OHBRI with Gibbs free energy of -4.29 eV for the higher OHBRI 

coverage case and -4.25 eV for the low OHBRI coverage case as seen in Figure 8B and Reaction 

Scheme A.1.7. The strong adsorption and dehydrogenation of adsorbed HCHO for directly 

formed monodentate formate suggests that the direct HCHO dehydrogenation is facile in the 

presence of water and OCUS. Second, dehydrogenation of HCONOPO−HCONOP leads to formation 

of CO2 and OHBRI with Gibbs free energy of -3.33 eV for the higher OHBRI coverage case and -

2.85 eV for the low OHBRI coverage case respectively. Third, molecular oxygen re-adsorption on 

the MnCUS sites has Gibbs free energy of +2.15 eV and + 1.08 eV respectively for the low and 

high OHBRI coverage cases as described in the Reaction Scheme A.1.8. Fourth, desorption of 

H2O from the two OHBRI species has Gibbs free energy of -0.05 and +0.48 eV respectively for 

the low and high OHBRI coverage cases to complete the reaction cycle. The favorable HCHO 

dehydrogenation energy and the weak oxygen vacancy refilling energy trend reflect the opposing 

nature of both these effects as shown in Figure A.1.26 and reported previously.  

We also considered the reaction pathway centered on OHCUS and H2OCUS to model the reaction 

mechanism at lower HCHO coverage/concentration in the presence of H2O as shown in Figure 

A.1.28A. Monodentate HCHO adsorption was found to be favorable with energy of -0.68 eV in 

this case as seen in Figure A.1.28B and described in Reaction Scheme A.1.8. While this reaction 

pathway can also lead to HCHO oxidation to CO2 with much lower activation barrier in the 
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presence of H2O due to the stabilization of the monodentate reaction intermediate, the direct 

dehydrogenation in the case of reaction mechanism centered on OCUS and H2OCUS is more likely 

due to the more favorable dissociative adsorption of HCHO.  

Figure 8: DFT-calculated reaction mechanism for HCHO oxidation centered on OCUS and 
H2OCUS. A) Schematic of reaction mechanism for HCHO oxidation centered on OCUS and 
H2OCUS via monodentate formate-mediated reaction pathway (direct pathway), and B) DFT-
calculated free energy diagram for formaldehyde oxidation on the (110) surface of MnO2 with 
H2OCUS and OCUS. The grey diagram showing the energy of bridge hydroxyl energy calculated in 
separate simulation cell to model low coverage reaction conditions (θlow) and the red diagram 
showing the energetics in the co-adsorbed case to model high coverage reaction conditions 
(θhigh). Pink, manganese; blue, hydrogen; dark red, oxygen; grey, carbon and dashed blue line 
indicates hydrogen bond. The equations and energetics for each step are reported in Reaction 
Scheme A.1.7.   

 

2.6 Mechanistic insights into HCHO oxidation: Towards active site 

description   

To understand the reaction mechanism and the active species for complete formaldehyde 

oxidation, we draw similarities between the current results and formic acid electro-oxidation 

studies where surface poisoning due to bidentate formate was understood using pH effects79, in-

situ SEIRAS80, and DFT.81 For formic acid oxidation (HCOOH⟶ COC + HC) wherein bidentate 

formate is a surface poisoning species, the nature of the active intermediates for the reaction is 

unclear with both weakly adsorbed formate (HCOO-)77,79,81 and direct oxidation of formic acid or 

a dimeric formate mechanism82,83 being reported. While formic acid electro-oxidation studies are 

typically carried out on noble metal surfaces, similarities in the poisoning of the surface by 

bidentate formate across various material systems suggests a common underlying reaction 
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mechanism although gas phase oxidation of formic acid can be different from electrochemical 

oxidation due to solvation effects.81,84 Typically, the role of surface hydroxyl and adsorbed water 

is considered in the gas phase oxidation studies and the presence of water in the gas phase can 

mimic solvation effects via formation of hydrogen bonds.85 Therefore, based on the increased 

catalyst lifetime and complete HCHO conversion at low coverage from the experiments and the 

favorable adsorption for monodentate formaldehyde for the surface with OHCUS and OCUS 

species stabilized by hydrogen bonds, three different reaction pathways are proposed for 

formaldehyde oxidation to CO2. (Figure A.1.29)  

The first bidentate formate-mediated pathway involves formation of BRI-CUS bidentate formate 

from BRI-CUS DOM stabilized by OHCUS that leads to surface poisoning due to the buildup of 

bidentate formate. (Figure A.1.29) The second carbonate-mediated pathway site involves 

reaction along the MnCUS row in the presence of OHCUS and OCUS (or only OCUS) that also leads 

to both surface poisoning by carbonate species. Finally, the third monodentate formate-mediated 

pathway consists also consists of adsorption in the presence of OHCUS and OCUS leading to 

conversion of monodentate formate to CO2 even under dry conditions. However, as carbonate 

was the dominant reaction intermediate only at low HCHO concentration, we expect a lower 

coverage of OHCUS and OCUS on the surface and the facile pathway to be dominant at low 

concentration if the bidentate formate and carbonate that poison reaction sites can be by-passed. 

 Further, both experimental and theoretical results showed that the bidentate formate and 

carbonate reaction intermediates are not necessarily a dead end in the reaction but can be 

converted to CO2 in the presence of water under transient reaction conditions in the absence of 

HCHO in the gas stream. As oxidation of bidentate formate and carbonate using H2O under 

transient conditions has been shown to be favorable both experimentally and using DFT, a 

cycling methodology can be used as a practical operating procedure to regenerate a poisoned 

catalyst surfaces.9 Competitive adsorption of molecular water over carbonate and formate akin to 

the role of water in CO oxidation86,87 is suggested to enhance HCHO oxidation kinetics during 

transient experiments in H2O/O2 over birnessite manganese oxide. 22 

Under low HCHO concentrations and water partial pressures, the lower intensity of reaction 

intermediates in DRIFTS and the complete oxidation to CO2 in the reactor measurements 

suggested that the reaction intermediates formed in a facile manner. DFT results also suggested 
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favorable adsorption of monodentate HCHO in the presence of water and oxygen stabilized by 

hydrogen bonding. Oxidation of monodentate formate, stabilized by hydrogen bonding, to CO2 

has been shown to much smaller barrier compared to the bidentate configuration both 

experimentally77 and computationally.71,68,88 The stabilization of monodentate formate via 

hydrogen bonding also supports the peak shifts observed in DRIFTS (Figure A.1.15A) along 

with the simultaneous generation of CO2 under transient reactor conditions. Under practical 

conditions, several monolayers of water are known to exist which can provide further additional 

hydrogen bonding stabilization 89–91 for the oxidation of monodentate formate species. Hence, at 

low concentration, lifetime of the catalyst is promoted by opening up a facile reaction pathway 

via monodentate formate stabilization instead of the formation of bidentate formate.  

Such an understanding of the role of water in conjunction with surface coverage could be 

extended to other oxygenates such as acetone92 and methanol93 where water has been shown to 

competitively co-adsorb. Finally, the reaction is limited by the loss of OHCUS species and the 

buildup of bridge hydroxyls species as observed during the removal of formate and carbonate 

species using water and the re-adsorption of HCHO. As seen in the DFT results, re-adsorption of 

oxygen to refill the vacancies formed and the removal of the bridge hydroxyl as H2O are 

inversely related to the dehydrogenation strength of the bridge hydrogen. Hence, the 

dehydrogenation ability of the bridge oxygen and the oxygen vacancy refilling energies can be 

used to further tune the energetics of HCHO oxidation.  

2.7 Conclusions 

A common underlying mechanistic understanding of the interplay between bidentate formate-

carbonate-oxygen-surface hydroxyl-water adsorption has been developed to bridge the gap 

between the steady flow and transient reaction configurations to achieve complete oxidation of 

formaldehyde at room temperature. At higher surface concentration/coverage, formaldehyde 

oxidation on a manganese oxide catalyst occurs via three reaction pathways. The dominant 

reaction mechanism occurs by formation of DOM aided by OHCUS via hydrogen bonding 

followed by the conversion of OHCUS species to H2O and form bidentate formate. The second 

reaction pathway involves the active site consisting of OCUS and OHCUS that leads to carbonate 

formation. Bidentate formate and carbonate can be converted to CO2 with the formation of 

bridge hydroxyls species in the presence of water under transient reaction conditions. However, 
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when co-adsorbed with HCHO at high HCHO concentration, water competitively adsorbs with 

HCHO on the active CUS sites to decrease the catalyst lifetime while also converting bidentate 

formate and carbonate to CO2. The third reaction pathway involves the active site consisting of 

OCUS and OHCUS which leads to CO2 generation under both dry and wet conditions via direction 

dehydrogenation. On the other hand, at low concentration of HCHO, several monolayers of 

water are known to exist which can provide additional hydrogen bonding89–91 for the stabilization 

of monodentate species. Hence, operating at low concentration, the lifetime of the catalyst is 

promoted by stabilizing the monodentate species (direct pathway instead of the bidentate formate 

and carbonate reaction intermediates.  

After by-passing surface poisoning by carbonaceous species, the refilling of the formed oxygen 

vacancies due to CO2 desorption and the conversion of hydroxyls to water needs to be 

considered. The adsorption of oxygen along with the formation of surface hydroxyl and oxygen 

species is endothermic at room temperature leading to the eventual deactivation of the surface at 

room temperature. Herein, a small addition of noble metal atoms such as Au94 or Pt29 also would 

be helpful in the activation of oxygen at low temperature to ensure longer operation time. In 

conclusion, the current insights into the nature of poisoning species and the active species open 

up pathways to realize complete oxidation of formaldehyde by tuning the reaction conditions. 

Such an understanding of the role of water in conjunction with surface coverage could be 

extended to other oxygenates such as acetone92 and methanol93 where water has been shown to 

competitively co-adsorb along with the reactant of interest as well as alter reaction kinetics for 

selective oxidation of larger carbon containing molecules that proceed through the formate 

route.70,77  
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3.1 Introduction 

Manganese oxide-based materials have applications in the fields of heterogeneous catalysis,1 

sensors,2 and battery cathode materials.3 Specifically, in heterogeneous catalysis, manganese 

oxides have been studied for the Oxygen Evolution Reaction (OER),4 Oxygen Reduction 

Reaction (ORR),5 CO2 reduction,6 and abatement of small molecules such as formaldehyde 

(HCHO), acetone (C3H6O), ozone (O3), and nitric oxide (NO).1 In particular, low temperature 

formaldehyde (HCHO) oxidation to carbon-dioxide (CO2) is of interest because due to high 

activity and cost-effectiveness of MnO2 catalysts.7 Moreover, the physio-chemical properties of 

MnO2 catalysts can readily be modified by changing formal valences,5 dopant concentrations,8 

crystal structure,9 water content,10 and alkali cation addition.11 This vast experimental space 

makes rational design of the manganese oxide catalysts challenging as surface species such as 

lattice oxygen, adsorbed oxygen, and surface hydroxyl have been proposed as active species for 

low temperature formaldehyde oxidation.12 The nature of the oxygen involved in the reaction 

mechanism for CO2 formation is unclear as both the Mars-van Krevelen mechanism involving 

lattice oxygen consumption13 as well as the Eley-Rideal mechanism involving adsorbed oxygen 

formed on defect sites such as surface pits14 or mediated by Mn3+ 15 and alkali metals such as 

K+16 have been reported. Furthermore, surface hydroxyls formed via alkali metal addition or 

charge compensation due to defects in the crystal structure are also known to improve the 

activity of manganese oxide by aiding the dehydrogenation of HCHO to dioxymethylene 

(HCHOOoxide) and formate (HCOOoxide) reaction intermediates17,18,16,19 and also improve CO2 

conversion rate.20 Hence, there is a need to develop a rational descriptor approach to understand 

the role of surface oxygen and hydroxyl species during HCHO oxidation.  
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Interestingly, in the field of oxygen electro catalysis manganese oxides have been extensively 

through descriptor-based approaches. For example, optimum eg band filling of manganese 

orbitals has been used to optimize the bond strength of the Mn-O for perovskites21 and spinel 

oxide catalysts 22. Also, increasing Mn-Mn23 bond distance to weaken Mn-O bond and Mn3+ in 

an corner-sharing octahedral environment24 has been correlated with enhanced OER activity. 

Therein, the active site consists of Mn3+, H2O, OH-, and O- species, resembling the PS-II water 

oxidizing catalyst, 25 As both lowered oxygen vacancy formation energy (M-O bond strength) 

and the presence of surface hydroxyl have been proposed as active surface species during 

formaldehyde oxidation, there is an open question about the roles of surface hydroxyl and 

oxygen species when developing rational descriptors for formaldehyde oxidation. 

In this study, we use a library of manganese oxide catalysts consisting of β-MnO2, γ, ε, α, δ-

MnOx, Mn2O3, Mn3O4, and MnO to tune the surface oxygen and hydroxyl content by changing 

the manganese valence and water content. Next, the trends of formaldehyde adsorption and 

oxidation kinetics are rationalized by understanding the nature of reaction intermediates formed 

using in-situ DRIFTS and the structure of the manganese oxide catalysts using a combination of 

X-ray absorption spectroscopy (XAS), Extended X-ray Absorption Fine Structure (EXAFS), X-ray 

photoelectron spectroscopy (XPS), Raman spectroscopy, and thermo-gravimetric analysis (TGA) 

techniques. The role of surface hydroxyls in promoting HCHO adsorption was identified in low 

temperature CO2 conversion. We observe that the oxidation rate of HCHO follows a volcano 

trend with formal valence of manganese and the surface species O/OH content defined by the 

mass loss in the 30-400 °C region of the TGA. Structural requirements of the active site for 

formaldehyde oxidation consisting of surface hydroxyl and oxygen species are proposed for 

three different reaction mechanisms. 

3.2 Developing manganese oxide library  

We first identify 8 different manganese oxide, MnO, Mn3O4, Mn2O3, α, δ, ε, γ, and β-MnO2, 

(Fig. A.2.1A) based on manganese formal valence and surface species content. Formal valence 

of manganese from XAS (Fig. 1A) was estimated by fitting the first inflection point of the 

manganese K-edge XAS spectrum versus the formal valence (Fig. 1B and Fig. A.2.2A)26 using 
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reference compounds with known manganese valence for MnO (+2), Mn3O4 (+2.66), Mn2O3 

(+3), and β-MnO2 (+4) as calibration. Manganese formal valence for α, δ, ε, and γ manganese 

oxides was estimated to be 3.4, 3.5, 3.65, and 3.74 respectively (Table A.2.1). The overall large 

window of manganese formal valence of 2 eV ensures that the binding energies of the reaction 

intermediates on the catalyst surface will show a notable difference for the different manganese 

oxide catalysts and increasing manganese valence is inferred from the inflection point (Fig. 1A).  

Further, Mn redox information was also inferred from the pre-edge features of the Mn K-edge 

spectrum in the 6535-6550 eV range. (Fig. A.2.2B) The pre-edge features primarily arises from 

the electronic transitions from 1s to the unoccupied 3d levels and is indicative of both the redox 

state as well as the symmetry around the Mn sites.27 For the α, δ, ε, and γ manganese oxides, the 

pre-edge region consists of two main peaks at ~6541 and ~6543 eV indicative of the presence of 

both Mn(III) and Mn(IV) features in these structures.27 and the relative intensity of the Mn (IV) 

feature at ~6543 eV increases from α to γ manganese oxides in the pre-edge region. Further, 

formal valence of manganese oxide was also estimated using the Mn 3s peak splitting from the 

XPS measurements (Fig. A.2.3A), which is proportionally to the overall spin of the manganese 

ion (Fig. A.2.3B and Table A.2.2).28 Mn 3s peak splitting for the different catalysts was fitted 

against previously obtained trend of manganese formal valence versus 3s peak splitting for 

manganite compounds.28 (Fig. A.2.3C) Good agreement is seen between the formal valence 

estimated using both XAS and XPS techniques, with the XAS showing higher resolution for the 

α, δ, ε, and γ phases in the 3.4-3.8 manganese valence regions. (Fig. A.2.4). Typically, higher 

manganese valence is correlated with higher oxygen content in manganese oxides29 and we 

estimate the oxygen as well water content using TGA by heating the oxides  in an argon 

atmosphere upto 600 °C (Fig. 1C). Two different weight loss regions, 30-400 °C and 400-600 

°C, are identified as surface water/hydroxyl and oxygen,10,30,31 and structural oxygen content32 

respectively (Fig. 1C). Metastable oxides such δ, α, ε, and γ-MnOx have larger total mass loss % 

of 15.9, 15.7, 16.6, 11.8 wt% respectively compared to the relatively low mass loss % for the 

thermodynamically stable MnO (0.1%), Mn3O4 (2.3%), Mn2O3 (0.9%), and β-MnO2 (10.2%) 

oxides. (Fig. 1D) A larger contribution to the overall mass loss % for the δ, α, γ, and ε- MnOx 

comes from the surface O/OH species loss contribution below 400 °C (Fig. 1D) suggesting the 

presence of larger surface O/OH species that can aid HCHO oxidation. Next, we understand the 

physical origin of the O/OH species surface species for δ, α, γ, and ε- MnOx.   
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Figure 1: Characterization of manganese oxides. A) Normalized x-ray absorption spectrum 
(XAS) at the manganese K-Edge region for the different catalysts, B) Manganese valence 
estimated by calibrating the first inflection of the Mn K-edge of the reference compounds versus 
known Mn valence for MnO, Mn3O4, Mn2O3 and β-MnO2. Plots of the differential spectrum used 
to obtain the inflection points are shown in Fig. A.2.2A. C) % Mass loss for the different catalyst 
as a function of time from 30 °C to 600 °C used to identify surface OH/Osurf species from 30-400 
°C range and structural oxygen (Ooxide) from 400-600 °C, and D) Relative contributions of 
OH/Osurf and structural oxygen (Ooxide) content to the overall mass loss percent obtained from 
TGA analysis. All the samples are heated to 600 °C at 5 °C min-1 in argon atmosphere after 
purging the samples at 30 °C in argon for 2 hrs to remove any weakly adsorbed species.  

 

Increasing structural oxygen content (Ooxide) was correlated with increasing manganese formal 

valence (Fig. A.2.5A). This trend is rationalized by increased oxygen stoichiometry of the oxides 

as the manganese valence changes from +2 for MnO to +4 for β-MnO2. Next, a volcano-type 

trend is observed for surface OH/O species content for the catalysts as a function of manganese 
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formal valence (Fig. A.2.5B) that can be understood by invoking the defect structure of α, δ, ε, 

and γ MnOx. Metastable manganese oxides such as δ, α, ε, and γ-MnOx with larger mass loss % 

typically contain hydroxyl ions (OH-) or protons that are charge compensated by either Mn4+ 

vacancies or reduced Mn3+ species in the crystal structure that consists of tunnel and layers.33,30 

Both of these defects co-exist in commercially available manganese oxide catalysts31 and DFT 

studies have also shown that Mn4+ vacancies and Mn3+ ions can be stabilized in the presence of 

OH- species.34,35 Therefore, the volcano trend of manganese formal valence as a function of 

surface OH/O content with a peak at ~3.5-3.6 can be rationalized by the presence of structural 

water and hydroxyl species to stabilize Mn4+ vacancies and/or Mn3+ species. However, the lower 

surface OH/O content (11.8%) and higher manganese valence (3.74) of γ-MnOx suggests that 

local atomic structure needs to be further investigated to understand the defect structure.  

The local atomic structure of the defective oxides containing Mn3+/Mn4+ vacancies and OH-1 

species was further understood by studying the relative contributions of Mn-O, Mn-Mn (corner), 

and Mn-Mn (edge) vectors in the manganese K-edge EXAFS (Fig. A.2.6).36,37 Compared to the 

structural features of MnO, Mn3O4, Mn2O3, and β-MnO2, it can be seen that all defective 

catalysts showed similar EXAFS vector signatures for the 3 vectors (Table A.2.3). δ-MnOx 

showed the lowest contribution from the corner-shared Mn-Mn vector at ~3.2 Å consistent with 

a defective layered structure containing larger amount of water and alkali ions for layer 

stablization.27 α-MnOx and γ-MnOx possessed a similar signature but α-MnOx has a stronger 

contribution from the long-range vectors from 4-10 Å suggesting higher order in the crystal 

structure. Also, γ-MnOx and ε-MnOx with similar XRD patterns (Fig. A.2.1A) could be 

differentiated by the larger relative contributions of the Mn-Mn edge-shared octahedron vector 

and weaker long-range vectors in the 4-10 Å range for the γ-MnOx phase suggesting lower long-

range order. Further structural insights into the local structures of the δ, α, ε, and γ-MnOx 

structures were found using Raman spectroscopy (Fig. A.2.7 and Table A.2.4), where 3 

characteristic bands, ν1 (630-650 cm-1), ν2 (570-580 cm-1), and ν3 (510-520 cm-1) in the 400-700 

cm-1 range are identified for the defective oxides.27,38 The ~510 and 650 cm-1 vibrations 

correspond to out-of-plane Mn-O vibrations linked to the interlayer geometry39 and a red-shift is 

seen for the ν1 feature for the γ-MnOx structure suggesting contraction of the MnO6 layers due to 

decreased repulsions.39,40 The relative intensities of ν2 and ν3 peaks relative to the ν1 peak was 
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also lower for γ-MnOx compared to δ, α, ε-MnOx suggesting smaller tunnel features.41 The lack 

of bands in the 500-650 cm-1 region for the MnO, Mn2O3, and β-MnO2 suggest that the Mn-O-

Mn symmetric bonds corresponding to the longer and active bonds around Mn3+ are absent24 

suggesting that these oxides could have lower HCHO oxidation activity. Moreover, the ν2 peak 

which is absent for MnO, Mn3O4, Mn2O3, and β-MnO2 is attributed to a characteristic feature of 

the layers/tunnel of the defective oxides.41 β-MnO2 contains characteristics peaks at 665 and 535 

cm-1 corresponding to the Eg mode (in plane) and A1g mode (out of plane) vibrations of the 

MnO6 octahedron, which are similar to the ν1 and ν2 vibrations of δ, α, ε, and γ-MnOx. To 

understand the role of Mn3+ and the surface hydroxyl, oxygen species in altering the reaction 

kinetics, the activity of the manganese oxide catalysts was studied for formaldehyde 

adsorption/oxidation to CO2. 

3.3 Room temperature HCHO adsorption and oxidation to CO2 

HCHO can be both adsorbed dissociatively and oxidized to CO2 at room temperature. Typical 

room temperature behavior for all catalysts upon exposure to formaldehyde and oxygen gas 

stream of 20 ppmHCHO/10%O2/BalanceN2 consisted of formaldehyde adsorption (Fig. 2A) and 

simultaneous conversion to CO2 (Fig. 2B) until the breakthrough of HCHO at which point a 

decrease in the CO2 conversion is observed for the δ, α, ε, and γ-MnOx with the highest 

conversion of HCHO to CO2 (~17%) being noted for γ-MnOx. For Mn2O3 and Mn3O4, HCHO 

adsorption was observed without any CO2 generation suggesting surface poisoning while for 

MnO and β-MnO2 negligible HCHO adsorption and CO2 generation was seen which could be 

attributed to the lack of surface sites for HCHO adsorption. Surface area normalized total CO2 

converted and HCHO adsorbed showed a volcano trend with the formal valence of manganese. 

(Fig. 2C) Also, a volcano-trend was observed for the surface area-normalized CO2 generated as a 

function of the surface OH/O content with maximum adsorption at optimal surface species of 

~6% (Fig. A.2.8A). The volcano trend of CO2 converted with manganese valence and OH/O 

surface species can be explained by prohibitive reaction pathways at higher OH/O ratios.20 The 

observation of CO2 at room temperature for oxides containing surface species suggests that both 

surface oxygen and hydroxyl species are involved in the direct conversion of HCHO to CO2. 

Also, a clear trend was not observed for formaldehyde adsorption as a function of surface OH/O 
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species (Fig. A.2.8B). Next, to understand the role of surface OH/O for HCHO adsorption and 

CO2 conversion at room temperature, in situ DRIFTS was carried under reaction conditions.  

 

Figure 2: Room temperature HCHO adsorption and CO2 conversion. Room temperature 
formaldehyde A) adsorption behavior showing % HCHO adsorption and breakthrough as a 
function of time, and B) CO2 generation behavior with increasing % CO2 conversion until 
HCHO breakthrough after which a gradual decrease is observed. Trends of surface area 
normalized C) total HCHO adsorbed (mol m-2) and D) total CO2 converted (mol m-2) as a 
function of manganese formal valence of the catalyst estimated by XAS manganese valence 
obtained in Table S1. CO2 converted and HCHO adsorbed were calculated by integrating the 
area under the profiles in Figs. 2A, B respectively and normalizing by the BET surface area. For 
all the measurements, inlet HCHO gas composition of 20 ppm HCHO and 10% O2 with a flow 
rate of 200 ml min-1 was used at room temperature and catalyst loading of 25 mg. MnO was not 
included in the trend for HCHO due to low surface area and low HCHO adsorbed. BET surface 
area is reported in Table A.2.6.  
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All the oxides showed the formation and growth of dioxymethylene (DOM, HCHOOoxide) 

species while bidentate formate (HCOOoxide) was observed for all the oxides except for MnO, 

and carbonate (COO2oxide) was only observed for δ, α, ε, and γ-MnOx (Fig. 3A and Figs. 

A.2.11A-H) upon exposure to 20 ppmHCHO/10%O2/BalanceN2. The peak ranging from 1565 cm-1-

1585 cm-1 was identified as bidentate formate (HCOOoxide) reaction intermediate while the 1500-

1520 cm-1 ranged peak was assigned to the carbonate (COO2oxide) reaction intermediate, and the 

peaks in the 900-1200 cm-1 region were identified as dioxymethylene (DOM, HCHOOoxide) 

reaction intermediate.17,43 The formation of carbonaceous reaction intermediates suggests the 

presence of surface oxygen/hydroxyl species as a source of oxygen to convert HCHO to 

HCHOOoxide, HCOOoxide, and further into CO2 or COO2oxide.14,42 This suggests that the HCHO 

oxidation proceeds via HCHO conversion to HCHOOoxide (e.g. HCHO+ 2Ooxide-→ HCHOOoxide + 

HOoxide), followed by dehydrogenation to HCOOoxide (e.g. HCHOOoxide + H-Ooxide-→ HCOOoxide 

+ H2O) and COO2oxide (e.g. HCOOoxide + 2Ooxide→ COO2oxide + H-Ooxide). The spectral region 

between 1500-1600 cm-1 consisting of HCOOoxide and COO2oxide reaction intermediates was 

further de-convoluted to obtain the relative fractions of the two reaction intermediates (Fig. 

A.2.9). The fraction of COO2oxide intermediate showed a volcano-type trend with manganese 

formal valence and maximized at intermediate valence of ~3.5 for α-MnOx (Fig. 3C) and 

increased linearly as function of the surface O/OH species (Fig. A.2.10). The linear trend of 

increasing carbonate coverage with increasing surface O/OH species can be explained with 

increased adsorbed O/OH that aid in carbonate formation.42 Further support comes from the 

examination of the hydroxyl region (2600-3700 cm-1) which revealed the loss of intensity in the 

surface/CUS hydroxyl region (3550-3700 cm-1)44 for δ, α, ε, and γ-MnOx as well as the build-up 

of lattice/bridge hydroxyl region (2900-3300 cm-1)44 for MnO, Mn3O4, Mn2O3, δ, α, ε, and γ-

MnOx with time (Fig. 3B and Figs. A.2.12A-H). This observation suggests the role of lattice and 

surface hydroxyl in aiding HCHO adsorption and dehydrogenation to HCOOoxide and COO2oxide 

(For example, HCHO+ H-Ooxide + Ooxide → HCOOoxide+ H2O, HCOOoxide + H-Ooxide+Ooxide → 

COO2oxide+ H2O + H-Ooxide) as well as conversion to CO2. Interestingly, catalysts showing loss of 

surface hydroxyl species, δ, α, ε, γ-MnOx also showed CO2 conversion at room temperature (Fig. 

2A and Fig. 3B). We also have previously shown for δ-MnOx that CUS/surface hydroxyl and 

adsorbed oxygen species aid in HCHO adsorption and direct dehydrogenation via stabilization of 

monodentate formate reaction intermediates using extensive DFT calculations and DRIFTS 
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measurements. (For example, HCHO + H-Ooxide + 2Ooxide → CO2 + H2O + 2H-Ooxide). Lattice 

hydroxyl formation was observed for the Mn2O3 and Mn3O4 that did not show CO2 generation at 

room temperature (Figure 3B). This suggests that lattice hydroxyls are involved only in 

HCOOoxide formation but not the generation of CO2 for these oxides (HCHOOoxide+Ooxide→ 

HCOOoxide+ H-Ooxide) leading to surface poisoning at room temperature. In order to overcome 

the limitations of surface poisoning at room temperature, low temperature oxidation was carried 

out under 20 ppmHCHO/10%O2/BalanceN2 after room temperature HCHO adsorption.  

         

Figure 3: Reaction intermediates during HCHO adsorption. A) DRIFTS of manganese oxides 
upon exposure to 20 ppm HCHO and 10% O2 at room temperature in the A) 900-1900 cm-1 
region showing the formation of DOM (HCHOOoxide, 900-1200 cm-1), carbonate (COO2oxide, 
1500-1520 cm-1), and bidentate formate (HCOOoxide, 1565-1585 cm-1) reaction intermediates, 
and B) 2600-3700 cm-1 region showing the decrease in intensity of surface hydroxyl (HOsurf, 
3500-3700 cm-1) indicated by the loss of intensity relative to the background and the formation 
of a lattice oxygen-related hydroxyl (HOoxide, 3000-3300 cm-1), and C) Relative fraction of 
HCOOoxide and COO2oxide reaction intermediates obtained from Fig. A.2.9 by de-convoluting the 
HCOOoxide

 and COO2oxide peaks in Fig. 3A as a function of the manganese valence obtained from 
XAS in Table S1. For all the measurements, inlet HCHO gas composition of 20 ppm HCHO and 
10% O2 with a flow rate of 200 ml min-1 was used at room temperature and catalyst loading of 
25 mg. DRIFTS spectra are recorded at the breakthrough point for each of the catalyst. The time 
dependent spectra for both the regions are shown in Figs. S11A-H and Figs A.2.12A-H 
respectively. 
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3.4 Low temperature complete HCHO oxidation to CO2 

Light off curves for HCHO oxidation showed complete HCHO oxidation at ~100°C for δ, α, ε, 

and γ-MnOx catalysts while MnO was least active with complete conversion at 225 °C (Fig. 4A). 

Surface-area normalized HCHO reaction rates at 30 °C, 45 °C, and 60 °C obtained by linear 

interpolation of Arrhenius-type reaction rate plots in Fig. 4B showed a volcano-trend with 

manganese valence (Fig. 4C) and surface OH/O species content (Fig. A.2.14, mass normalized 

reaction rates are shown in Fig. A.2.13). A volcano-trend with manganese valence can be 

attributed to optimal Mn-O bond strength to tune oxygen vacancy formation energy5,21 as 

previously observed for manganese-based perovskite catalysts for OER and ORR. For the lower 

valent manganese oxide catalysts such as MnO, Mn3O4, and Mn2O3 as well as β-MnO2 with no 

surface hydroxyls on the surface, we propose a reaction pathway centered on lattice oxygen. 

(Bidentate formate-mediated pathway, Fig. 5A) The bidentate formate pathway involves the 

adsorption of HCHO on lattice oxygen sites as HCHOOoxide, and conversion of HCHOOoxide to 

HCOOoxide and lattice OH species at low temperature leading to surface poisoning by HCOOoxide 

without CO2 formation. (Figs. 3-5A). The lack of CO2 conversion at room temperature can be 

attributed to the buildup of HCOOoxide, which has high activation barrier for conversion to CO2.45 

At higher temperature, HCOOoxide is converted to CO2 and lattice OH to H2O (HCOOoxide + Ooxide 

→ CO2 + H-Ooxide, 2H-Ooxide → H2O+ Ovac) with the resulting oxygen vacancies refilled by 

molecular oxygen, which can also be the rate limiting step (Fig. 5A).  



 

 93 

 

Figure 4: Low temperature HCHO oxidation activity. A) Light off curves for CO2 generation 
for the manganese oxide catalysts. B) Surface area normalized reaction rates for the different 
catalysts obtained from the light off curves for overall conversion less than 12.5%. C) Trends for 
surface area normalized CO2 generation rate as a function of manganese formal valence 
obtained from XAS for 30 °C, 45 °C and 60 °C. For all the measurements, inlet HCHO gas 
composition of 20 ppm HCHO and 10% O2 with a flow rate of 200 ml min-1 was used at room 
temperature and catalyst loading of 25 mg. The catalyst was first exposed to 20 ppm HCHO and 
10 % O2 at room temperature until breakthrough was achieved prior to heating up the sample. 
BET surface area for all the catalysts are reported in Table. A.2.6.  Reaction rates are obtained 
from extrapolation of the linear fits shown in Figure 4B to 30 °C, 45 °C and 60 °C. 

3.5 Reaction mechanisms for HCHO oxidation to CO2 

Two different reaction pathways are proposed in the presence of surface O/OH species leading to 

COO2oxide and CO2 formation for δ, α, ε, and γ-MnOx. In the presence of surface oxygen and 

hydroxyl species, the decrease in intensity of surface hydroxyl and increase in intensity of lattice 

hydroxyls (Fig. 3B) and the simultaneous generation of CO2 for the oxides containing surface 

hydroxyls species (Fig. 2B) suggests that surface oxygen and hydroxyl species aid in conversion 

of HCHO to CO2 as well as to COO2oxide. The build-up of carbonate reaction intermediates with 

time in Figs. S11A-H suggests that carbonate formation is also aided by surface hydroxyl and 

oxygen but does not lead to CO2 generation at room temperature. Therefore, for the carbonate 

pathway, HCHO adsorption is aided by surface hydroxyl and oxygen species leading to 

dissociative adsorption of HCHO to form monodentate HCOOoxide and H-Ooxide species as shown 
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in Fig. 5B. Next, monodentate HCOOoxide is converted into COO2oxid due to the availability of 

surface oxygen on these catalysts. COO2oxid species can be converted into CO2 at high 

temperature as shown previously48 and the surface regeneration occurs via lattice hydroxyl 

converting to H2O and oxygen vacancy re-filling steps. The second pathway involves a facile 

direct reaction pathway46,47 for HCHO oxidation to CO2 is proposed via the stabilization of 

monodentate formate reaction intermediates by both surface oxygen and hydroxyl as shown 

previously for birnessite manganese oxide leading to direct dehydrogenation of HCHO to CO2 

(Fig. 5C). The direct dehydrogenation pathway is also consistent with the increasing CO2 

conversion with time in Fig. 2C until HCHO breakthrough at where CO2 conversion also 

decreases. Surface hydroxyls provide alternate pathway for formaldehyde oxidation and improve 

the concentration of Mn3+ ions in the catalysts that also lead to the weakening of the Mn-O bond 

relative to Mn-O bonds associated with Mn4+.33 Mn3+ is also present in Mn3O4 and Mn2O3 but do 

not show high activity due to the lack of surface hydroxyls. Pt-based catalyst surface hydroxyls 

have also shown to open an alternate reaction pathway for CO2 formation via conversion of 

formate to CO2.18 Based on these results, we propose the requirements for active site for low 

temperature formaldehyde oxidation are optimal valence of manganese of ~3.75 with surface 

specie content of ~6%. We also propose that the electronic structure descriptor of manganese 

valence and the structural requirement of surface hydroxyls are closely related due to the charge 

compensation required to generate sufficient Mn4+ vacancies and Mn3+ species to accommodate 

surface hydroxyls.  

 

Figure 5: Reaction pathways for formaldehyde oxidation. A) Bidentate formate-mediated 
reaction pathway centered on lattice oxygen (Ooxide) showing the adsorption of HCHO on lattice 
oxygen sties as H2COOoxide, dehydrogenation of H2COOoxide to from HCOOoxide and HOoxide, 
conversion of HCOOoxide to CO2 and HOoxide, H2O desorption leading to Ovac formation, and 
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adsorption of O2 to regenerate the catalyst surface, B) Carbonate-mediated reaction pathway 
centered on surface hydroxyl (HOsurf) and surface oxygen (Osurf) showing the direct formation of 
HCOOoxide and HOoxide, conversion of HCOOoxide to COO2oxide and HOoxide via consumption of 
HOsurf, conversion of COO2oxide to CO2, H2O desorption leading to Ovac formation, and 
adsorption of O2 to regenerate the catalyst surface, and C) Direct dehydrogenation pathway 
centered on surface hydroxyl (HOsurf) and surface oxygen (Osurf) leading to the formation of 
monodentate formate leading via dehydrogenation of HCHO, conversion of HCOOoxide to CO2 
and HOoxide, H2O desorption leading to Ovac formation, and adsorption of O2 to regenerate the 
catalyst surface. 

3.6 Conclusions 

In this work we showed that formaldehyde oxidation reaction kinetics could be tuned by the manganese 

formal valence and surface species content for manganese oxides. We rationalized the dependence of 

oxidative activity on surface hydroxyl/oxygen content and manganese formal valence by the change in 

reaction mechanism aided from being centred on lattice oxygen to being centred on surface hydroxyls, 

and oxygen species due to the stabilization of Mn3+ species by the replacement of lattice oxygen by 

hydroxyl species on the surface and in the bulk lattice for charge compensation. While HCHOOoxide, 

HCHOOoxide, and COO2oxide reaction intermediates were identified for the manganese oxide catalysts, 

HCHO adsorption and CO2 conversion rate was attributed to the direct dehydrogenation reaction 

mechanism at low temperature stabilized by the surface hydroxyl and oxygen species that providing an 

alternate pathway along with the formation of bidentate formate and carbonate that lead to surface 

poisoning.  

 

3.7 Experimental methods 

Materials 

Commercial birnessite manganese oxide (δ-MnOx), alpha manganese oxide (α-MnOx), and 

Mn3O4 were procured from BASF Corporation. Gamma manganese oxide (γ-MnOx) was a 

commercial EMD material obtained from Erachem Comilog and commercial Mn2O3 was 

obtained from Sigma Aldrich. Epsilon manganese oxide (ε-MnOx) was synthesized using an acid 

leaching technique while MnO and β-MnO2 were purchased from Alfa Aesar. Complete 

preparation details are included in the Supplementary Information 
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Raman Spectroscopy 

Raman spectroscopy was collected out using a 514.5 cm-1 wavelength in the rage of 200-1000 

cm-1 at room temperature. Each Raman spectrum is averaged using 15 acquisitions using a low 

laser power of 0.1% to avoid any sample damage.   

TGA Measurements  

TGA measurements were conducted in a NETZCSH STA instrument. The samples (~10-40 mg) 

were heated to 600 °C in an argon atmosphere after purging the sample at 30 °C for 2 hr to 

remove any weakly adsorbed surface species prior to the heating step.  

X-ray Absorption Spectroscopy (XAS) and Extended X-ray Absorption Fine Structure (EXAFS) 

Mn K-edge X-ray absorption measurements were performed at Beamline 8-ID of National 

Synchrotron light source II (NSLS-II) at the Brookhaven National Laboratory. All data were 

collected at transmittance mode, and the measurements were conducted at room temperature. 

EXAFS spectra were obtained by the k3-weighted Fourier transform of the XAS results. 

X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were conducted using the Thermo Scientific K-Alpha+ system with Al 

monochromator.  

X-Ray Diffraction (XRD) 

XRD was conducted using a PANalytical XRD system with copper Kα X-ray source generated 

at 45 kV and 40 mA with a 2θ range of 0 to 30 degrees. X-Ray diffraction patterns of the 

manganese oxide catalysts (Figure S1B) are consistent with previously reported structures.32,49 

 

BET Surface Area 

Single point BET measurements were conducted using the Quantchrome instrument without any 

drying prior to measurement. 

Plug flow reactor measurements 
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25 mg of the powder catalyst was mixed with oven-dried SiO2 sand (2.5 g) and loaded into a 

quartz tube (3.81 mm inner diameter) with a total flow rate of 200 ml min-1. The flow rate of 

individual gases, HCHO (Ultra High Purity, 50 ppm in balance N2), O2 (Ultra High Purity, 25% 

by volume in balance N2), and pure N2 (Ultra High Purity), was controlled using dedicated mass 

flow controllers to achieve the desired gas concentration of 20 ppm HCHO and 10% O2 balanced 

with N2. The gas composition was analyzed using a PIKE FTIR gas cell attached to a Bruker 

Vertex 70 FT-IR spectrophotometer. Background spectrum was collected under a pure stream of 

N2 prior to spectra collection. The percentage conversion of HCHO oxidation to CO2 was 

calculated by determining the percentage of inlet HCHO reacted during the course of the 

reaction, which can be calculated by the formula,  

         % conversion = 100*(CO2ppm,out/HCHOppm,in), 

where HCHOppm,in is the concentration of the inlet HCHO and CO2ppm,out is the concentration of 

CO2 observed after reaction of HCHO with the catalyst.  

Total CO2 converted was calculated by integrating the area under the CO2 conversion profile and 

normalizing by the flow rate and the BET surface area using the formula, 

CO!!"#$ !
10!! ∗ 10!! ∗ CO!!"#$ ∗  F!"!# ∗ 10!

(V! ∗ A!"# ∗m!"#) 

Where CO2area is the area under the CO2 conversion profile as a function of time, FHCHO is the 

flow rate of HCHO gas (l mol-1), Vm is the molar volume (mol g-1), Acat is the BET surface area 

(m2g-1) and mcat is the catalyst loading (mg).   

Total HCHO adsorbed was calculated subtracting the contribution from the CO2 generated from 

HCHO adsorbed using the formula, 

HCHO!"#$%&'"!
10!! ∗ 10!! ∗ (HCHO!"#$ − CO2!"#$) ∗ F!"!# ∗ 10!

(V! ∗ A!"# ∗m!"#) 

Reaction rates were calculated by first calculating the mass-normalized reaction rates and then 

estimated the specific reactions rates by normalizing the mass reaction rates with BET surface 

area using the formulae,  
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r!"##!
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

100 ∗  F!"!# ∗ 10! ∗ 10!!

(𝑉! ∗ 60 ∗m!"#) 

r!"#!!
𝑟!"##

(A!"#) 

Where %conversion below 15% is obtained from the light off curves, FHCHO is the flow rate of 

HCHO (ml min-1), Vm is the molar volume (l mol-1), Acat is the BET surface area (m2g-1) and mcat 

is the catalyst loading (mg).   

In-situ DRIFTS 

In-situ Diffuse Reflectance Infrared Fourier Transmission Spectroscopy (DRIFTS) 

measurements were carried out using the Praying Mantis setup (Harrick) in an environmental 

chamber with KBr windows at room temperature. 25 mg of manganese oxide catalyst was mixed 

with 25 mg of KBr. The catalysts were purged with N2 at room temperature prior to collection of 

DRIFTS spectrum to remove any weakly adsorbed contaminants prior to obtaining a background 

spectrum. Gas compositions and flow rates were similar to the plug-flow reactor conditions.     
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4.1 Introduction 
 
Due to the inert nature of C-H bond, selective low-temperature activation of small hydrocarbon 

molecules is a holy grail in the field of heterogeneous catalysis.1,2,3 Recently, oxygen-promoted 

rutile IrO2(110) with partially filled under-coordinated surface oxygen (OCUS) was predicted to 

have the highest C-H activation rate4 amongst the studied rutiles, perovskites, metals, oxide 

supported metal catalysts, and layered materials.4 This prediction has motivated the exploration 

of IrO2(110) for the selective conversion of methane to methanol and formaldehyde. Weaver et 

al. showed that methane activation could indeed take place at 88 K, to release CO2, CO, and H2O 

at mild temperatures (400 - 750 K), via the molecularly adsorbed, strongly bound precursor 

mechanism5. Consequently, several works on the reactivity of IrO2 (110) for hydrogen 

abstraction from small molecules such as H2,6 C2H6
7, and C3H8

8 have been reported. However, 

the nature of the active species and the reaction mechanism responsible for low-temperature C-H 

activation remains an open question. Motivated to study the role of OCUS on IrO2(110), as has 

been done for the OER using both experimental9,10 and theoretical11 methods, we here report the 

investigation of how IrO2(110) activates methane and methanol through its OCUS species. We use 

this finding to advance our understanding of the small-molecule activation mechanism and how 

it connects to the surface chemistry and electronic structure of oxides. 

 

The nature of the active species in IrO2 catalysts has historically been of interest in the OER 

field. Several IrO2-based chemistries such as Ti-doped IrO2
12, amorphous Iridium oxide13, and 

leached IrO2
14 have shown higher mass specific activity compared to monolithic rutile IrO2 

crystal structure. The origin of enhanced activity of these different IrO2-based catalysts has been 

attributed to OCUS formed during the water activation using both DFT and experimental 

methods.15 These OCUS in IrO2-based catalysts was correlated to the low binding energy feature 
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at ~528.4 eV in the O 1s spectrum in X-ray Photoelectron Spectroscopy (XPS)16 and ~529 eV 

feature of the O K-edge in X-ray Absorption Spectroscopy (XAS.)17 This observation has also 

been referred to as the electrophilic oxygen (OI-).18,19 and shown to be active for CO oxidation. 

20More recently, in situ XPS measurements of IrO2 (110) have identified the low binding energy 

feature of the O 1s spectra as OCUS
21 and OBRI

22 species along with the corresponding Ir species 

in the Ir 4f spectrum. These observations suggest that the under-coordinated oxygen species 

(OCUS) can be active under oxygen atmosphere of 0.5-1 Torr at 320 K. The driver of this work is 

to probe the nature of IrO2 under the reaction conditions to understand the surface oxygen 

responsible for the C-H activation.  

 

We present evidence for the formation of OCUS and iridium species under the oxidizing 

conditions using in situ AP-XPS and density of states (DOS) calculations for IrO2 (110). We 

identify the OCUS/IrCUS species on IrO2 (110) as the active species by observing how the surface 

core level shifts in the O 1s and Ir 4f spectra as well as the valence band spectra under reaction 

conditions of methane and methanol oxidation. Moreover, we show that room temperature 

selective methanol oxidation to methyl formate as well as methane oxidation to CO2 can be 

achieved by increasing the coverage of OCUS/IrCUS species using plug flow reactor measurements. 

Finally, we propose reaction mechanisms for methanol and methane oxidation on IrO2 by 

understanding the nature of carbonaceous reaction intermediates using AP-XPS and diffuse 

reflectance infrared fourier transmission spectroscopy (DRIFTS).     

 

4.2 Formation of CUS oxygen (OCUS) and CUS Iridium (IrCUS)  

AP-XPS measurements were performed on the epitaxial thin films of IrO2 with the (110) 
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termination, grown on TiO2(110) single crystals using molecular beam epitaxy (MBE) to 

investigate the CxHyOz -type species as well as the Ir 4f core states and valence band in the 

presence of 100 mTorr O2. The as-prepared thin film was heated at 250 °C under 100 mTorr of 

O2 to remove carbonaceous impurities (Fig. A.3.1) and cooled back to room temperature to study 

surface speciation for methanol and methane oxidation (Fig. A.3.2). 

  

Surface core level shift23 was noted for both the O 1s and Ir 4f  spectra for a cleaned sample at 

room temperature. We observed a surface core level shift23 of 1.1 eV in the O 1s spectrum 

indicated by the increase of intensity at 529.1 eV (Fig. 1A) and 0.5 eV in Ir 4f spectrum indicated 

by the increase of intensity at 62.3 eV (Fig. 1B)  The surface core level shifts towards lower 

binding energy for the O 1s spectrum due to the formation of a new feature at 528.9 eV (OCUS, 

Fig. 1A), which can be attributed to the formation of surface oxygen species.21 On the other 

hand, the Ir 4f peaks (IrCUS, Fig. 1B) shift towards higher binding energy with an increase in 

intensity in the 61-63 eV region, which could be assigned to surface iridium species.21 Moreover, 

the valence band spectrum of the cleaned sample also an increase in intensity of the sharp feature 

close to the Fermi edge as well as the loss of intensity further away from the Fermi edge when 

compared to the as-prepared sample as shown in Fig. 1C. No other obvious changes in speciation 

were observed in the cleaned sample as seen in the survey spectrum (Fig. A.3.3). Finally, we also 

observed a decrease in intensity in the higher binding regions of the O 1s spectrum from 531-534 

eV upon cleaning, which was attributed to the loss of surface hydroxyls (OHBRI, 531.2 eV and 

OHCUS, 532.2 eV)24 and carbonaceous species such as CH3O (531.2 eV),25 HCOO (532.2 eV)25 

and adsorbed CO2 (b-CO2, 533.9 eV).26 The peak assignment for the clean surface for the O 1s 

and Ir 4f spectra based on the formation of OCUS and IrCUS species are shown in Figs. 1A and S4 

and the fitting parameters16,17 are reported in Tables A.3.1 and A.3.2 respectively. We next 
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understand the physical origin of the changes in the O 1s, Ir 4f, and the valence band spectra 

using DFT.  

    

       

Figure 1: AP-XPS at room temperature before and after cleaning. AP-XPS under 100 mTorr 
O2 for the as-prepared (grey) and clean sample (black) prepared by heating the sample to 250 
°C in 100 mTorr O2 and cooled to room temperature showing A) O 1s spectrum with surface 
core level shift due to formation of OCUS (528.9 eV), and a decrease in the intensity of surface 
bridge hydroxyl/methoxy (OHBRI/CH3O, 531.2 eV), surface CUS hydroxyl/formate 
(OHCUS/HCOO, 532.2 eV), and adsorbed CO2 species (b-CO2, 533.9 eV), B) Ir 4f spectrum with 
surface core level shift leading to the formation of a shoulder at the higher binding energy side 
compared to the IrBulk(IrBulk5/2, 61.8 eV and IrBul7/2 , 64.8 eV) indicating the formation of IrCUS 
species (IrCUS5/2, 62.3 eV and IrCUS7/2, 65.2 eV). The corresponding satellite features are assigned 
to the peaks at 63.3 eV (Ir

Bulk7/2 (Sat)
) and 66.1 eV (Ir

Bulk5/2 (Sat)
), and C) valence band spectrum 

showing the loss of intensity at higher binding region around ~12.5 eV and gain of new intensity 
closer to the Fermi level after heating IrO2(110) under 100 m Torr O2 at 250 °C and cooling 
back to room temperature. C 1s spectrum showing minimum surface contamination from 
carbonaceous species for the clean surface when compared to the as-prepared surface is shown 
in Fig. A.3.2. Source energy of 690 eV was used for the O 1s spectrum, while 350 eV was used 
for Ir 4f spectrum and the valence band spectrum. O 1s and Ir 4f spectra are plotted after 
normalizing to OBulk (530 eV) and IrBulk (61.8 eV) intensities respectively while valence band 
spectrum is plotted without normalization after background subtraction.  
 
 
The origin of the surface core level shift of 0.5 eV in Ir 4f spectrum (increase in intensity at 62.3 

eV) and 1.1 eV in the O 1s spectrum (increase in intensity at 528. 9 eV) can be attributed to the 
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surface coordination and the density of states closer to the Fermi edge respectively.27,28 Previous 

surface core level shift calculations for a closely related catalyst system, rutile RuO2(110), 

suggested that the Ru coordination (e.g., bond distance) dictates the core level shift for the Ru 3d 

spectra while the density of states closer to the Fermi edge dictates the core level shift in the O 1s 

spectrum due to enhanced screening.29 To understand the observed changes in the surface core 

level and the valence band under oxygen atmosphere (100 mTorr) for the O 1s and Ir 4f 

spectrum, we modeled IrO2(110) using DFT with bulk IrBulk/OBulk (red), surface bridge IrBRI/OBRI 

(violet), and surface co-ordinatively under-coordinated IrCUS/OCUS (green) species (Fig. 2A). The 

surface-core-level shift towards lower binding in O 1s (Fig. 1A) is attributed to enhanced 

screening due to larger oxygen partial density of states (pDOS) closer to the Fermi edge upon 

OCUS formation (Figs. 2B and C). Furthermore, the Ir-O bond distances decreases from the bulk 

atoms (2.01 Å) to the bridge species (BRI, 1.98 Å), and finally to the CUS (1.78 Å) species (Fig. 

2D). The under-coordinated bonds of IrCUS-OCUS species are thus expected to have higher 

binding energy in the Ir 4f spectra due to the shortening of the Ir-O bond. Therefore, the core 

level shift of 1.1 eV in O 1s spectra and 0.6 eV in the Ir 4f spectra is attributed to the formation 

of OCUS and IrCUS species respectively.  

 

To understand the observed changes in the valence band spectrum, we computed the pDOS of 

OCUS (Fig. 2B) and IrCUS (Fig. A.3.5) species of IrO2(110). OCUS in particular manifests a feature 

at ~-2 eV from the Fermi level. This feature is closer to the Fermi edge compared to the pDOS of 

OBulk and OBRI. In addition, a loss of intensity was observed at ~-5.3 eV for OCUS when compared 

to OBRI and OBulk. These changes suggest that the electron density shifts closer to the Fermi edge 

with the OCUS formation, which is consistent with the changes observed in the valence band 

spectrum from AP-XPS in Fig. 1C. Moreover, the computed iridium pDOS (Fig. A.3.5) revealed 
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an increase in the pDOS closer to the Fermi edge for IrCUS compared to IrBRI and IrBulk, which is 

consistent with the observed changes in the valence band in Fig. 1C. The identification of the 

fingerprint of the OCUS/IrCUS species closer to the Fermi edge using pDOS and the changes in the 

valence band further suggests the formation of IrCUS /OCUS species after cleaning at room 

temperature using AP-XPS. Next, we investigated the role of OCUS and IrCUS species during the 

methanol and methane oxidation using AP-XPS. 

 

Figure 2: Origin of surface core level shift for IrO2(110). A) Surface structure of the IrO2(110) 
showing the bridge (BRI, IrBRI, OBRI, violet), co-ordinatively under-saturated (CUS , IrCUS, OCUS, 
green), and bulk (IrBulk, OBulk, grey) iridium and oxygen species, B) pDOS of the valence band of 
oxygen states for OBRI, OCUS, and OBulk species showing increase in intensity closer to the Fermi 
level for OBRI and OCUS atoms. Oxygen pDOS are calculated by summing up the oxygen 2p 
orbitals of the respective surface species. Schematic of C) negative shift for the O 1s core level 
as a function of increasing pDOS at the Fermi level for the bridge and CUS oxygen species 
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leading to increased screening when compared to the bulk oxygen species, and schematic of D) 
positive core level shift for the Ir 4f core level as a function of shortening bond length of Ir-O 
bonds for the bulk (2.01 Å), bridge (1.98 Å), and CUS (1.78 Å) Ir species.  
 
 

4.3 Role of CUS oxygen in low temperature methanol oxidation  

 
AP-XPS measurements were performed to investigate the surface speciation of CxHyOz reaction 

intermediates on IrO2(110) films in the presence of 25 mTorr CH3OH and 200 mTorr O2. O 1s, Ir 

4f, and C 1s spectra were collected from epitaxial-grown thin films under isobaric conditions of 

pCH3OH = 25 mTorr and pO2 = 200 mTorr. We focus on the temperature range of 25-250 °C 

following heating to 250 °C and cooling to room temperature in 100 mTorr O2 (C 1s spectra in 

Fig. A.3.2). Representative O 1s, Ir 4f, C 1s, and valence band spectra of IrO2 before and after 25 

mTorr CH3OH and 200 mTorr O2 exposure at room temperature are shown in Figs. 3A-D. 

Relative intensities of OCUS in O 1s spectra (528.9 eV21, Fig. 3A) and IrCUS in Ir 4f spectra (62.3 

eV21, Fig. 3B) were observed to decrease after normalizing the intensities with respect to OBulk 

intensity (Table A.3.3). In addition, an increase in C 1s intensity was observed in Fig. 3C due to 

the formation of CHx (284.8 eV),30 CH3O (286.1 eV),31
 HCOO (287.2 eV),32 and b-CO2 (288.2 

eV)32 reaction intermediates.  

 

In order to obtain the corresponding intensities of the carbonaceous species in the O 1s spectra, 

we first estimated the relative sensitivity factor (RSF) as 0.9 using the intensities of CO2 gas 

measured at source energy of 490 eV and 690 eV (Fig. A.3.6). We then assign the peak at 531.2 

eV to both surface hydroxyl (OHBRI)24,33 and methoxy (CH3O)33 species as the peak intensity 

ratio of CH3O in C 1s spectra to the 531.2 eV peak in the O 1s spectra is greater than 1. A ratio 

greater than 1 suggests that the additional intensity could arise from a non-carbonaceous species 
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such as hydroxyl species.24,25 Next, we assign the 532.2 eV peak to both OHCUS/HCOO24 species, 

as the intensity ratio of this peak to the OHCUS/HCOO peak in the C 1s spectra is larger than 1 

(1.47) consistent with stoichiometry of HCOO. However, we also assign this feature to OHCUS
24 

as surface hydroxyl is a known reaction intermediate during methanol oxidation. Finally, we 

assign the 534.9 eV peak to adsorbed CO2 (b-CO2) but the intensity of this peak is too small to 

make any ratio evaluation meaningful. Moreover, a decrease in intensity closer to the Fermi level 

and a slight increase in intensity away from the Fermi level was observed in the valence band in 

Fig. 3D. Spectral changes in Figs. 3A-D upon CH3OH adsorption at room temperature suggest 

that OCUS
33 and IrCUS species are consumed leading to the formation of the different 

carbonaceous reaction intermediates species (for example, CH3OH + OCUS + IrCUS → CH3O-

IrCUS+ HOCUS).  
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Figure 3: Methanol adsorption at room temperature using AP-XPS. Comparison of spectra of 
the clean surface under 100 mTorr O2 and 25 mTorr CH3OH/200 mTorr O2 at room temperature 
showing A) O 1s spectrum showing decrease in intensity of OCUS (528.9 eV) and increase in 
intensity of OHBRI/CH3O (531.1 eV), OHCUS/HCOO (532.1 eV), and b-CO2 (533.8 eV) species, B) 
Ir 4f spectrum showing decrease in IrCUS (62.3 eV) intensity, C) C 1s spectrum showing increase 
in intensity of CHx (284.8 eV), CH3O (286.2 eV), HCOO (287.2 eV), and b-CO2 (288.2 eV) 
species, and D) valence band spectrum showing decrease in intensity closer to the Fermi level 
(OCUS/IrCUS) and increase of intensity away from the Fermi level. Source energy of 690 eV was 
used for the O 1s spectrum, 490 eV was used for the C 1s spectrum, and 350 eV was used for Ir 
4f and valence band spectra. The O 1s and Ir 4f spectra are normalized to OBulk (530 eV) and 
IrBulk (61.8 eV) species respectively while no normalization was done for the C 1s and valence 
band spectra. All intensities were fitted after background subtraction and fitting parameters for 
AP-XPS spectra are shown in Tables A.3.1, A.3.2, and A.3.4. 
 
 

A. B. 

C. D. 
Binding Energy (eV) Binding Energy (eV) 

Binding Energy (eV) Binding Energy (eV) 

25 mTorr CH3OH 
-100 mTorr O2 

100 mTorr O2 In
te

ns
ity

 (a
.u

.) 

In
te

ns
ity

 (a
.u

.) 

In
te

ns
ity

 (a
.u

.) 

In
te

ns
ity

 (a
.u

.) 

O
B

ul
k 

O
C

U
S

 

Ir C
U

S
7/

2 

C
H

x 
C

H
3O

 

H
C

O
O

 

b-
C

O
2 

O
H

B
R

I/ 
O

C
H

3 Ir B
ul

k7
/2

 

Ir B
ul

k5
/2

 

Ir C
U

S
5/

2 

 O
C

U
S

/Ir
C

U
S

 

O
H

C
U

S
 

/H
C

O
O

 

b-
C

O
2 



	 111 

The C 1s spectrum (Fig. 4A) revealed the loss of intensity of the CHX(284.8 eV),30 CH3O (286.1 

eV),31, HCOO (287.2 eV),32 and b-CO2 (288.2 eV)32 reaction intermediates upon heating from 

25°C to 250 °C (Fig. 4D).We also note the intensities of CH3O/OHBRI decreases with increasing 

temperature (Fig. 4D) suggesting the conversion of OHBRI to H2O. Also, the intensities of HCOO 

(532.2 eV) and b-CO2 (533.2 eV) species in the O 1s spectra (Fig. A.3.7) follow similar trends to 

the intensities calculated using the C 1s spectra (Fig. 3D) further supporting the peak 

assignments. In addition, the intensity of the OCUS  species in the O 1s spectra (Fig. 4B) increases 

with temperature (Fig. 4D)29 suggesting that the OCUS species can be replenished under 25 mTorr 

CH3OH and 200 mTorr O2 at 125 °C. Further support comes from the Ir 4f spectra (Fig. 4C)29 

where an increase in the intensity of the IrCUS species at 62.3 eV (Fig. 4D) was observed, 

implying the formation of the OCUS species. The normalized raw and difference spectra for the O 

1s and Ir 4f regions in the range of 25 °C to 250 °C also revealed the formation of OCUS and IrCUS 

species (Figs. A.3.8A and B respectively). We discuss how the OCUS/IrCUS species affect the 

product selectivity for the methanol oxidation in a later section. First, we discuss the role of OCUS 

and IrCUS species during the methane oxidation using AP-XPS. 
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Figure 4: Low temperature methanol oxidation using AP-XPS. AP-XPS of A) C 1s spectrum 
showing decrease in intensity of CHx (284.8 eV), CH3O (286.1 eV), HCOO (287.2 eV), and b-
CO2 (288.2 eV), species, B) appearance and growth of OCUS (528.8 eV) species from 125 °C to 
225 °C as well as the decrease in the intensity of OHBRI /CH3O (531.2 eV), and OHCUS/HCOO 
(532.2 eV) species in the O 1s spectrum, C) appearance and growth of IrCUS species (63.2 eV) 
from 25°C to 225 °C in the Ir 4f spectrum, D) trends in relative intensities of IrCUS, OHBRI/CH3O, 
HCOO, OCUS, and b-CO2 normalized to the corresponding OBulk intensity as a function of 
temperature from 25-225 °C under 20 mTorr CH3OH and 100 mTorr O2. The O 1s and Ir 4f 
spectra are normalized to OBulk (530 eV) and IrBulk (61.8 eV) species respectively while no 
normalization was done for the C 1s spectra. Source energy of 690 eV was used for O 1s spectra, 
while 350 eV was used for Ir 4f spectra and 490 eV was used for the C 1s spectra collection. All 
intensities were fitted after background subtraction and fitting parameters for AP-XPS spectra 
are shown in Tables A.3.1, A.3.2, and A.3.4. 

Fig. 4  

A. 

b-
C

O
2 

225 °C 

175 °C 

125 °C 

75 °C 

25 °C 

Binding Energy (eV) 

225 °C 
175 °C 
125 °C 
75 °C 
25 °C 

225 °C 

175°C 

125 °C 

75 °C 

25 °C 

Binding Energy (eV) 

C
H

x 

C
H

3O
 

H
C

O
O

 

B. 

In
te

ns
ity

 (a
.u

.) 

In
te

ns
ity

 (a
.u

.) 

In
te

ns
ity

 (a
.u

.) 

O
B

ul
k 

O
H

B
R

I 
/C

H
3O

 
 

O
H

C
U

S
 

/H
C

O
O

 

O
C

U
S

 

Ir B
ul

k7
/2

 
Ir C

U
S

7/
2 

b-
C

O
2 

Binding Energy (eV) Temperature (°C) 

Ir B
ul

k5
/2

 

OHBRI/CH3O 
 

CH3O 

HCOO 

b-CO2 

C. D. 

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
.u

.) 

IrCUS7/2 

Ir C
U

S
5/

2 

OCUS 



	 113 

4.4 Role of CUS oxygen in low temperature methane oxidation   

We have identified 125 °C to be the optimum temperature for dosing the methane-oxygen gas 

mixture of 1 and 10 mTorr of CH4 and O2 respectively. The formation of the background 

carbonaceous species from surface contamination from the AP-XPS chamber34 and sample 

reduction can interfere with the intermediates of methane activation (Fig. A.3.9A and Fig. 

A.3.9B). Our dosing condition minimizes this impact CH4-10 mTorr O2, a small increase in the 

intensity of the C 1s spectrum was observed which was attributed to background chamber 

contamination (Fig. A.3.10). Further increasing the temperature to 175 °C, led to an increase in 

intensity in the C 1s spectra which could be associated to the formation of CH3O (286.3 eV) and 

HCOO (288.1 eV) reaction intermediates (Fig. 5A) from the activation of methane (e.g., CH4+ 

OCUS+OBR →  CH3-OCUS+–OHBRI). Further support comes from the observation that similar 

spectra collected under only 10 mTorr O2 in the same temperature range does not show an 

increase in the C 1s spectrum (Fig. A.3.11A). Total intensities of the C 1s reaction intermediates 

for the reaction conditions with and without CH4 are compared in Fig. A.3.11B where an 

increase in the C 1s intensity was observed only when having CH4 in the gas stream. We also 

note that the intensities of the OHCUS/HCOO (532.2 eV) peaks follows a similar trend as the 

intensity of HCOO (288.1 eV) peak intensity in C 1s spectrum after normalization. (Fig. A.3.12) 

Moreover, the O 1s and Ir 4f spectra showed an increase in intensity of OCUS (528.9 eV, Fig. 5B) 

and IrCUS species (62.3 eV, Fig. 5C) upon heating and in the difference spectra in Figs. S13A and 

B respectively. This finding suggests that CUS-species can be the active surface species during 

the methane activation. In addition, the formation of CO2 was detected at 225 °C and higher 

temperature in the mass spectrometer (Fig. 5D) suggesting that the reaction intermediates of CH4 

activation are converted to CO2 at this temperature (for example, HCO-OCUS + OBRI  → CO2 + 
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OHBRI). Furthermore, a decrease in the CH3O/OHBRI intensity with increasing temperature (Fig. 

5C and Fig. A.3.12) along with H2O formation with increasing temperature suggesting that the 

OHBRI formed are converted to H2O at higher temperature (For example, OHBRI + OHBRI → OBRI 

+ OBRI_vac + H2O).  Lastly, the valence band spectrum also showed a decrease in the intensity 

away from the Fermi edge and increase in intensity closer to the Fermi edge in Fig. A.3.14 

further supporting the hypothesis that OCUS are replenished under reaction conditions. Next, we 

investigated the role of OCUS for product selectivity and reaction kinetics for CH3OH and CH4 

oxidation on IrO2.        
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Figure 5: Low temperature methane oxidation using AP-XPS. AP-XPS of A) C 1s spectra 
showing the increase in intensity of CH3O (286.1 eV) and HCOO (287.2 eV) reaction 
intermediates between 125 °C to 225 °C followed by a decrease in intensity between 225 °C to 
425 °C, B) corresponding mass spectroscopy showing the generation of CO, CO2, and H2O 
gases as a function of time at different temperatures (125, 225, 275, 325, 375, and 425 °C), C) O 
1s spectrum showing increase in OCUS (528.9 eV) intensity as a decrease in intensity in 
OHBRI/CH3O (531.2 eV) between 125 °C to 425 °C and D) Ir 4f spectrum showing increase in 
the intensity of IrCUS (62.3 eV) species (62.3 eV) from 125 °C to 425 °C. Source energy of 690 eV 
was used for the O 1s spectra, while 350 eV was used for Ir 4f spectra, and 490 eV was used for 
C 1s spectra collection. The O 1s and Ir 4f spectra are normalized to the OBulk ( 530 eV) and 
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IrBulk (61.8 eV) peaks respectively while no normalization was done for the C 1s spectra. All 
intensities are fitted after background subtraction and fitting parameters for AP-XPS spectra are 
shown in Table A.3.1, A.3.2, and A.3.4. 
 
 
 
4.5 Role of surface oxygen activity for conversion of CH3OH to HCOOCH3, HCHO, and 

CO2 and CH4 to CO2   

We examined the role of IrCUS/OCUS in CH3OH oxidation to HCOOCH3, HCHO, and CO2 as well 

as CH4 oxidation to CO2 by examining three IrO2 catalysts with different IrCUS. XRD pattern 

shown in Fig. A.3.15A also showed rutile structure for IrO2 (Sigma Aldrich) and an amorphous 

structure for IrO2⋅0.5H2O (Alfa Aesar, Premion 84%) and amorphous IrO2⋅1.5H2O (Alfa Aesar, 

Premion 73%). Ir 4f spectra collected using lab scale XPS showed higher IrCUS intensity for 

IrO2⋅0.5H2O and IrO2⋅1.5H2O compared to rutile IrO2 in Fig. A.3.15B. The O 1s spectra showed 

the larger carbonaceous and hydroxyl species for the IrO2⋅0.5H2O and IrO2⋅1.5H2O when 

compared to the rutile IrO2 (Fig. A.3.15C) consistent with the larger water content in these 

oxides as revealed by thermogravimetric analysis (TGA) in Fig. A.3.15D.  

 

First, we flowed ~70 ppm CH3OH/280 ppm O2 at room temperature with a gas ratio (1:4) similar 

to AP-XPS measurements to understand product selectivity during methanol oxidation prior to 

heating up. We observed the formation of methyl formate (HCOOCH3) and carbon dioxide 

(CO2) for IrO2⋅0.5H2O and IrO2⋅1.5H2O with higher conversion of 70% noted for IrO2.0.5H2O 

(Figs. A.3.16A and B) while rutile IrO2 was only active at higher temperature. Moreover, for 

both IrO2⋅0.5H2O and IrO2⋅1.5H2O, we observed an initial increase in the CO2 conversion 

followed by the HCOOCH3 formation, at which point CO2 conversion started decreasing with 

time at room temperature (Figs. A.3.16A and B). In addition, no formaldehyde (HCHO) 
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formation was observed at room temperature for IrO2⋅0.5H2O and IrO2⋅1.5H2O suggesting higher 

OCUS/IrCUS is correlated with methyl formate (HCOOCH3) and carbon dioxide (CO2) formation. 

Upon heating the powders, IrO2⋅0.5H2O and IrO2⋅1.5H2O showed selectivity towards HCOOCH3 

and HCHO (Figs. 6A,B) while the rutile IrO2 was selective only towards HCHO formation (Fig. 

6C) suggesting HCHO formation is correlated with lower OCUS/IrCUS. Also, similar high 

temperature product selectivity observed for IrO2⋅0.5H2O and IrO2⋅1.5H2O suggested that the 

structural water content does not change product selectivity. Finally, heating the catalysts to 

higher temperature (>120 °C) led to complete oxidation of CH3OH to CO2 for all the catalysts 

(Figs. A.3.17A-C). Interestingly, the addition of 0.3% water vapor (Figs. 6C) to the gas stream 

containing ~70 ppm CH3OH/280 ppm O2 led to a slight decrease in the activity for the IrO2 

catalyst while the selectivity remained the same, suggesting that the origin of the higher activity 

and selectivity for IrO2⋅0.5H2O and IrO2⋅1.5H2O is due to the higher OCUS/IrCUS species and not 

due to the water content.  

 

The higher conversion for the IrO2⋅0.5H2O and IrO2⋅1.5H2O (Figs. S17A and B) as well the 

selectivity towards HCOOCH3 (Figs. 6A,B) is attributed to the higher OCUS/IrCUS coverage as 

previously proposed for RuO2.35 Herein, we propose a reaction mechanism center on the idea 

that the OCUS/IrCUS (Fig. A.3.18A) species are responsible for the selective methanol oxidation on 

iridium oxides. First, CH3OH dissociative adsorbs as CH3O-IrCUS and OCUSH (Step 1), followed 

by dehydrogenation of CH3O-IrCUS to form CH2O-IrCUS (Step 2). Next, in the case of higher 

coverage of OCUS/IrCUS species, a second CH3OH molecule and react with the adsorbed CH2O-

IrCUS to form HCOOCH3 (Step 3). However, in the presence of lower OCUS/IrCUS coverage for 

rutile IrO2, only HCHO is desorbed as seen in Step 3’ of Fig. A.3.18B. Finally, oxygen 
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adsorption occurs to desorb H2O and replenish the active OCUS sites (Steps 4,4’ in Figs. A.3.18A 

and B). Further support for this mechanism comes from in situ DRIFTS (Fig. A.3.19), where 

initial lower peak intensity of CH3O and HCOO species is correlated with complete oxidation to 

CO2 (Fig. A.3.15) and the higher coverage of CH3O with increasing time is correlated to 

HCOOCH3 formation (Fig. A.3.15) in the reactor experiments. 

 

  
 

 
Figure 6: Selectivity of CH3OH oxidation to HCOOCH3, HCHO, and CO2. CH3OH 
selectivity% towards HCOOCH3 (yellow, circle), HCHO (circle, grey), and CO2 (circle, blue) for 
A) IrO2⋅0.5H2O, B) IrO2⋅1.5H2O, and C) rutile IrO2 with (square) and without water (circle) in 
the gas stream as a function of temperature measured using plug flow reactor. %Selectivity to 
CO2 is defined as 100*(CO2ppm,out/HCHOppm,out+CO2ppm,out+ HCOOCH3ppm,out);%Selectivity to 
HCHO is defined as %selectivityHCHO =100*(HCHOppm,out/HCHOppm,out+CO2ppm,out+ 
HCOOCH3ppm,out) and %Selectivty to CH3OCH3OH is defined as %selectivityHCOOCH3=100*( 
HCOOCH3ppm,out/HCHOppm,out+CO2ppm,out+ HCOOCH3ppm,out); Catalyst loading of 50 mg, flow 
rate of 150 ml min-1, and gas concentration of 70 ppm CH3OH/280 ppm O2 with no added water 
or 0.3% H2O was used for all the measurements. 
 
 
Next, we investigated methane oxidation using a gas ratio similar to AP-XPS (1:10) 

measurements by flowing 35 ppm CH4/350 ppm O2, over the three powder catalysts. First, at 

room temperature, we observed CO2 formation for the IrO2⋅0.5H2O (red, Fig. 7A) and 

IrO2⋅1.5H2O (blue, Fig. 7A) while the rutile IrO2 showed no CO2 formation (grey, Fig. 7A). As 

IrO2⋅0.5H2O and IrO2⋅1.5H2O show higher OCUS/IrCUS ratio than the rutile, our result suggests 

IrO2⋅1.5H2O IrO2⋅0.5H2O IrO2 

0.3%H2O 

A. B. C. 

%
 S

el
ec

tiv
ity

  

Temperature (°C) Temperature (°C) Temperature (°C) 

%
 S

el
ec

tiv
ity

 

%
 S

el
ec

tiv
ity

 

CO2 

HCOOCH3  

HCHO 



	 119 

that IrO2 catalysts with higher OCUS/IrCUS are more active for the CH4 activation. Further support 

comes from in situ DRIFTS (Fig. A.3.20), where HCOO reaction intermediate is observed at 25 

°C and higher temperatures consistent with previous DRIFTS measurements on IrOx 

nanopowders showing the formation of CHxO-type reaction intermediates at 25 °C upon 

methane exposure.36 Room temperature oxidation of CH4 to CO2 shows that IrO2⋅xH2O are 

highly promising active catalysts for the C-H bond dissociation. Very few catalysts such as 

FeN4/Graphene nanosheets37, Ni/TiC38, M/CeO2 (M = Ni, Pt, Co)39, CeO2/Cu2O/Cu40catalysts 

have been shown to activate methane at room temperature. Next, light off curve for CH4 

conversion to CO2 also showed that IrO2⋅0.5H2O and IrO2⋅1.5H2O catalysts with higher 

OCUS/IrCUS are active at low temperature compared to the rutile IrO2 (Fig. 7B) with complete 

conversion noted at 225 °C while rutile IrO2 showed only 10% conversion at the same 

temperature (Fig. A.3.21A). Furthermore, adding water vapor (0.3%) to the gas stream for rutile 

IrO2 showed a small decrease in the activity (Fig. 7C) suggesting that the higher activity of 

IrO2⋅0.5H2O and IrO2⋅1.5H2O is not due to the water content in these catalysts but due to the 

higher coverage of OCUS/IrCUS sites. Based on the AP-XPS observations, we propose a reaction 

mechanism for the methane oxidation centered on the OCUS/IrCUS sites (Fig. A.3.22). First, CH4 

adsorbs dissociatively on OCUS sites as CH3OCUS along with the formation of OBRIH (Step 1), 

followed by a series of dehydrogenation of CH3OCUS to CH2OCUSOoxide (Step 2), HCOCUSOoxide 

(Step 3), and COCUSO2oxide (Step 4) along with the formation of the corresponding OBRIH species. 

Finally, oxygen adsorption leads to H2O desorption and conversion of COCUSOBRI to CO2 (Step 

5) to complete the catalytic cycle. Therefore, combined AP-XPS, DFT, and kinetic results of 

IrO2 catalysts suggest towards increasing OCUS/IrCUS species to achieve low temperature CH3OH 

conversion to HCOOCH3 and CH4 oxidation to CO2.  
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Figure 7: Low temperature methane oxidation. Methane conversion % to CO2 at A) room 
temperature showing CO2 generation for IrO2.0.5H2O (filled, red) and IrO2.1.5H2O (filled, blue) 
and no CO2 conversion for rutile IrO2 (filed, grey), B) light off curves at low temperature 
showing CH4 conversion to CO2 for IrO2⋅0.5H2O (filled, red), IrO2⋅1.5H2O (filled, blue), and 
rutile IrO2 with (filled, grey) and without 0.3%H2O (empty, grey) added to the gas stream, and 
C) Arrhenius-type surface area normalized CH4 oxidation reaction rates for IrO2⋅0.5H2O (filled, 
red), IrO2⋅1.5H2O (filled, red), and rutile IrO2 with (filled grey) and without (unfilled, grey) 
0.3%H2O added to the gas stream. Complete lights-off curves are shown in Fig. A.3.21A, mass 
normalized reaction rates are reported in Fig. A.3.21B, and BET surface areas are reported in 
Table A.3.5. Catalyst loading of 50 mg, flow rate of 150 ml min-1, and gas concentration of 35 
ppm CH3OH/350 ppm O2 with no added H2O or 0.3% added H2O was used for all the 
measurements.  
 
 
4.6 Conclusions 
 
We report the AP-XPS measurements, DFT calculations, and plug flow reactor measurements to 

study the C-H activation on IrO2. We identify the OCUS species on iridium oxide as the active 

species for the CH4 and CH3OH oxidation. Using single crystal (110)-oriented epitaxial thin 

films for AP-XPS studies under reaction conditions, we were able to identify trends in the OCUS 

and IrCUS formation. We use this experiment to understand the reaction intermediate, along with 

the role of temperature along with the formation of carbonaceous reaction intermediates such as 

methoxy, formate, and adsorbed CO2. The observation of OCUS as the active species for CH3OH 

and CH4 oxidation is consistent with the plug-flow reactor studies of CH3OH and CH4 

%
 C

on
ve

rs
io

n 
Temperature (°C) 

IrO2.0.5H2O 

IrO2.1.5H2O 

IrO2 

IrO2.0.5H2O 

IrO2.1.5H2O 

IrO2 

IrO2/0.3%H2O 

IrO2.xH2O 
A. B. C. 

1000/T(K-1) Time (min) 

R
ea

ct
io

n 
R

at
e 

(m
ol

 m
2  s

-1
) 

IrO2.0.5H2O 

IrO2.1.5H2O 

IrO2 

IrO2/ 
0.3%H2O 

IrO2.xH2O IrO2.xH2O 

%
 C

on
ve

rs
io

n 

20 °C 



	 121 

conversion on IrO2⋅0.5H2O and IrO2⋅1.5H2O, which have higher OCUS/IrCUS species and are thus 

more active for the C-H activation than rutile IrO2. We find that IrO2 catalysts with higher 

OCUS/IrCUS (e.g., rO2⋅0.5H2O and IrO2⋅1.5H2O) can oxidize CH4 to CO2 and CH3OH to CO2 and 

HCOOCH3 even at room temperature. By providing this critical link between surface chemistry, 

electronic structure, and C-H activation ability, these insights provide guiding principles for the 

selection of next-generation materials chemistries for catalytic CHx abatement technologies, 

where multiple catalytic processes are tuned for selective generation of value-added products. 

 
4.7 Experimental and computational methods 
 
4.7.1 Thin Film Fabrication and Characterization 
 

Epitaxial (110)-oriented thin films of the IrO2 were prepared using molecular beam epitaxy as 

previously described.41 Briefly, the oxide films were synthesized using reactive oxide molecular 

beam epitaxy on single-crystal TiO2(110) substrates at a substrate temperature of 300 C. Ir was 

supplied by an electron beam evaporator and a background pressure of 10-6 Torr distilled ozone 

(80% O3 + 20% O2) was used. The success of the synthesis was characterized using in-situ 

reflective high-energy electron diffraction (RHEED) including RHEED oscillations to monitor 

the growth rate, in-situ low-energy electron diffraction (LEED), atomic force microscopy 

(AFM),42 and X-ray diffraction (XRD.)41 and ARPES.43  These measurements demonstrate that 

the samples are phase-pure, single crystal IrO2(110) films with properties consistent with bulk 

single crystals.  

 
4.7.2 Ambient Pressure XPS 
 

Beamline 9.3.2 and Beamline 11.3.2 at the Advanced Light Source at Lawrence Berkeley 
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National Laboratory was used for conducting the AP-XPS measurements.44 To account for 

effects of surface charging during the AP-XPS measurements, the binding energy (BE) of all 

XPS spectra is adjusted to the known BE position of the lattice oxygen peak at 530 eV for the O 

1s spectra, adventious carbon at 284.8 eV for the C 1s peak, and Ir 4f peak at 61.7 eV. As the as-

prepared sample surface contained several oxo-carbonaceous species, these were removed from 

the surface by heating the sample to 250 °C under 100 mTorr O2.45,46  

 

To monitor the surface chemistry and reaction intermediate formation under CH3OH and CH4 

conversion conditions, the sample was cooled to room temperature for the methanol experiments 

post the cleaning procedure followed by introduction of 25 mTorr of CH3OH-200 mTorr of O2 

while for the methane oxidation experiments the sample was cooled to 125 °C prior to the 

introduction of 1 mTorr of CH4 and 10 mTorr of O2. Isobar measurements were conducted from 

room temperature for CH3OH oxidation (/125 °C for CH4 oxidation) to 250 °C (/425°C for CH4 

oxidation), where C 1s and O 1s spectra were measured every 25 °C and the metal core level and 

valence band spectra were measured at regular intervals. Quantification of beam damage under 

the conditions of this study were done by comparing several C 1s spectra taken as a function of 

time at the same sample spot upon dosing 1 mTorr of CH4-10 mTorr of O2 at 125°C  (Fig. 

A.3.20), and the lack of changes of spectral features indicate that beam damage effects are 

negligible under our experimental conditions.  

 

Analysis of the XPS spectra was performed by the software package CasaXPS to quantify the 

photoemission peak areas and positions. All spectra were fit using Gaussian-Lorentzian peaks 

after a Shirley-type background subtraction. The range of full-width half maximums and binding 
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energy values of the peaks were constrained to 0.2 eV. These peak fitting parameters and 

constraints for the O 1s, C 1s, and Ir 4f spectra are summarized in Table S1, Table S2, and Table 

S3 respectively. The binding peak assignments of C 1s and O 1s are in agreement with previous 

experimental work30,31,32 while the Ir 4f peak assignments have been adopted from experimental 

and computational work on IrO2 oxides.16,45 

 
4.7.3 Lab Scale XPS 
 
Thermo Scientific K-Alpha ESCA spectrometer was used for lab scale XPS was performed. 

Monochromatic Al Kα radiation (1486.6 eV) and low energy flood gun was used as a neutralizer.  

 

4.7.4 Powder catalyst Characterization 

Powder IrO2 catalysts of were obtained from Sigma Aldrich (rutile) and Alfa Aesar (amorphous, 

Premion 73%, Premion 84%). The as-labeled commercial catalyst with 73% Ir is referred to as 

IrO2⋅1.5H2O and with 84% Ir is referred to as IrO2⋅0.5H2O based on the water content obtained 

from TGA in Fig. A.3.15C.  Lab scale XPS, and XRD patterns of the catalyst powders are shown 

in Figs. S15A,B,D. BET surface area is reported in Table A.3.5. 

 

4.7.5 CH4/CH3OH Oxidation Activity Measurements 

50 mg of the powder catalyst was mixed with oven-dried SiO2 sand (2.5 g) and loaded into a 

quartz tube (3.81 mm inner diameter). Total flow rate of 150 ml min-1 was used for all the plug 

flow reactor experiments and the flow rate of individual gases, CH4, (100 ppm by volume CH4 in 

balance Ar), CH3OH (150 ppm by volume in balance N2), O2 (2% and 1000 ppm by volume in 

balance N2), and pure N2, was controlled using dedicated mass flow controllers to obtain the 

desired gas concentration of 70 ppm CH3OH- 280 ppm O2 and 35 ppm CH4 –350 ppm O2 which 
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is similar to the gas ratios used in the AP-XPS study. Further, water vapor was introduced into 

the gas mixture by means of a water bubbler connected to the nitrogen gas line. The gas 

composition was analyzed using a PIKE FTIR gas cell attached to a Bruker Vertex 70 FT-IR 

spectrophotometer. 32 scans were collected at a resolution of 4 cm-1 every 12.5 min. A 

background spectrum was collected under a pure stream of N2.  

 

For the CH3OH oxidation measurements, inlet reaction gas mixture of 70 ppm of CH3OH-280 

ppm of O2 by volume, and N2 balance was used for all the experiments. The percentage 

conversion and selectivity of CH3OH oxidation to HCOOCH3, HCHO, and CO2 was calculated 

by determining the percentage of outlet HCOOCH3, HCHO, CO2 concentrations, which was 

calculated by the formula,  

 

%conversionCO2=100*(CO2ppm,out/CH3OHppm,in); 

%selectivityCO2=100*(CO2ppm,out/HCHOppm,out+CO2ppm,out+ HCOOCH3ppm,out); 

%conversionHCHO=100*(HCHOppm,out/CH3OHppm,in); 

%selectivityHCHO=100*(HCHOppm,out/HCHOppm,out+CO2ppm,out+ HCOOCH3ppm,out); 

%conversionHCOOCH3=100*(HCOOCH3ppm,out/CH3OHppm,in); 

%selectivityHCOOCH3=100*( HCOOCH3ppm,out/HCHOppm,out+CO2ppm,out+ HCOOCH3ppm,out); 

where CH3OHppm,in  was the total concentration of the initial CH3OH reactant  and 

HCOOCH3ppm,out , HCHOppm,out  and CO2ppm,out  was the concentration of HCOOCH3, HCHO, 

and CO2 observed after reaction with the catalyst.  

 

For the CH4 oxidation measurements, inlet reaction gas mixture of 35 ppm of CH4 with 350 ppm 
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of O2 by volume, and N2 balance was used for all the experiments. The percentage conversion of 

CH4 oxidation to CO2 was calculated by determining the percentage of outlet CO2 reacted during 

the course of the reaction, which can be calculated by the formula,  

          % conversion = 100*(CO2ppm,out/CH4ppm,in), 

 where CH4ppm,in  was the total concentration of the inlet CH4 and CO2ppm,out was the 

concentration of CO2 observed after reaction with the catalyst. Mass normalized reaction rates 

are calculated using the formula,  

r!"##!
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

100 ∗  F!"!# ∗ 10! ∗ 10!!

(𝑉! ∗ 60 ∗m!"#) 

Surface area normalized reaction rates are calculated using the formula 

r!"#!!
𝑟!"##

(A!"#) 

Where %conversion below 12.5% is obtained from the light off curves, FHCHO is the flow rate of 

CH3OH (ml min-1), Vm is the molar volume (l mol-1), Acat is the BET surface area (m2g-1) 

reported in Table S4, and mcat is the catalyst loading (mg).   

 

4.7.6 Density Functional Theory Calculations 

Density functional theory (DFT) calculations were performed with the Vienna Ab-initio 

Simulation Package (VASP) using the Projector-Augmented plane-wave method with the 

Perdew-Burke-Ernzerhof Generalized Gradient Approximation (GGA). Fully relaxed bulk 

calculations of IrO2 were performed with 2×2×2 supercells and a ferromagnetic state is assumed 

to have a consistent set of magnetic structures. Further, the IrO2(110) surface was generated 

using the completely relaxed bulk cell and relaxing the bottom 2 layers of the surface slab.  
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4.7 In situ Diffuse Reflectance Infrared Fourier Transmission Spectroscopy (DRIFTS)  

In situ DRIFTS measurements were carried out using the Praying Mantis setup (Harrick) in an 

environmental chamber with KBr windows at room temperature. 25 mg of IrO2⋅0.5H2O catalyst 

was mixed with 25 mg of KBr.  
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5.1 Introduction 
 
Selective oxidation of methanol (CH3OH) to formaldehyde (HCHO) is the predominant 

methodology for HCHO generation in the automotive, chemical, and construction industries.1 

HCHO is used in the production of industrial chemicals such as urea resins, melamine resins, 

phenol resins, and methylene diphenyl di-isocyante (MDI)1 as well as   being a key reaction 

intermediate during methane partial oxidation2 with an annual turnover of 5 million tons.3 

Typically, Ag-based catalysts are used for selective oxidation of CH3OH to HCHO at 

intermediate temperatures (T ~ 600–650 °C), which are expensive and sensitive to 

environmental contamination.1,4,5 Recent efforts have focused on replacing Ag-based 

catalysts with more economically viable catalysts.5,6,7 For example, iron-molybdenum oxides 

have higher reaction yields compared to the Ag-based catalysts and higher catalytic activity 

at reduced temperatures (T ~300 °C).5,6,8,9 More recently, oxide chemistries such as V2O5,10,11 

ZnO,12 and CeO2
12  have been investigated for selective synthesis of HCHO. However, 

HCHO % selectivity typically decreases with increasing CH3OH %conversion,13 so there is a 

need to understand the reaction mechanism.  

 

To promote HCHO synthesis from CH3OH, the reaction mechanism for HCHO formation on 

oxides needs to be understood and controlled to prevent complete oxidation of CH3OH to 

produce CO2. By catalyzing CH3OH oxidation on oxides, it has been suggested that CO and 

CO2 are formed on strong basic sites (oxygen), CH3OHCH3 and (CH3O)2CH2 are formed on 

strong acid sites (metal), while HCHO is formed on weak bi-functional acid-base sites.14 In 

addition, studies have shown more favorable HCHO desorption for CeO2 with more facile 

oxygen vacancy formation energy.15 Moreover, a linear correlation has been established 

between HCHO desorption energy and a descriptor for selective methanol oxidation to 

HCHO based on redox character (indicated by the energy difference between the starting 

surface and the reduced surface upon the addition of one electron), geometric site area, and 

oxygen basicity (indicated by the O 2p-band center) for CeO2-based catalysts.16 Furthermore, 

several works have examined the reactivity of CH3OH on model oxide surfaces 

experimentally (SrO17, TiO2,18  and SrTiO3
19) and theoretically (Co3O4,20 TiO2,18 and MoO3

7) 

to reveal the nature of reaction intermediates. Both experimental and theoretical studies have 

revealed the formation of methoxy (CH3O-),16,18,19 formate (HCOO-),16,21,22 and carbonate 
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(CO3-)17,23 reaction intermediates upon CH3OH adsorption. Unfortunately, an understanding 

of selective HCHO formation through an analysis of the reaction intermediates such as 

CH3O- has remained limited.,24 

 

Perovskites (ABO3) with tuneable physio-chemical properties and catalytic activities provide 

rich opportunities to investigate the oxidation of small carbon molecules.25,26,27 Surface heat 

of reaction defined as the difference between the adsorption energy of acetone, hydrogen and 

propanol, has been shown to correlate with 2-propanol conversion rate to acetone for 

BaTiO3, BaZrO3, and SrTiO3.28 In addition, surface acidity, quantified by experimental NH3 

adsorption for SrTiO3-based (STO) chemistries,29 is correlated negatively with selective 2-

propanol conversion rate to propene while surface basicity quantified by 2-propanol 

adsorption is seen to correlate positively with ethanol selectivity% to 1-butanol and 2-

pentatnone for LaFeO3.30 Surface oxygen content, measured using temperature programmed 

desorption (TPD), correlated with CO2 generation rate during methanol oxidation for LaBO3 

(B = Co, Mn, Fe).23 Moreover, optimal eg filling of 1.2 has been attributed to maximized 

acetone %selectivity and %conversion during isopropanol conversion by B-site tuning in 

layered Sr2Sn1-xRuxO4 perovskites.31 Furthermore, C2 product selectivity% involving C-C 

coupling during methane oxidation has been correlated with oxygen vacancy formation and 

CH3 adsorption energy for STO-doped perovskites32 while the selectivity% of acetic acid to 

ketene in La1-xSrxMnO3 is shown to decrease in the presence of oxygen vacancies.33 The O 

2p-band centre descriptor,41,42 described by the centroid of the oxygen projected electronic 

density of states relative to the Fermi level has been used to describe relevant catalytic 

properties, such as oxygen vacancy formation energy,43 surface acid-base properties 44,45 

oxygen binding energy26, OER reaction kinetics43, small molecule oxidative 

dehydrogenation,46 carbonate formation47, and CH4 selectivity during CO2 reduction,48 NO 

oxidation,27 suggesting that O 2p-band descriptor-based approach can be a unifying physical 

parameter used to describe methanol oxidation kinetics.  

 

In this study, we show the critical role of surface oxygen activity, measured by the position 

of the surface O 2p-band center with respect to the Fermi level (Fig. 1A), in catalyzing the 

CH3OH oxidation reaction, with oxides having an intermediate surface oxygen activity in 
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La1-xSrxCoO3 (LSC) catalysts demonstrating the maximum selectivity% towards HCHO by 

simultaneously enhancing CH3OH adsorption and oxygen adsorption/H2O formation 

energetics while maximizing methoxy (CH3O-Ovac) reaction intermediate and minimizing 

surface poisoning by carbonate (B-CO2-Ooxide) reaction intermediate. We employ the tunable 

surface electronic structure of La1-xSrxCoO3 to control surface oxygen vacancy concentration, 

where increasing the oxidation states of cobalt ions upon Sr2+ substitution of La3+ shifts the 

Fermi level towards the O 2p states. Increasing oxygen vacancies concentration for 

perovskite chemistries by having more strontium substitution of lanthanum in LaCoO3 

enhances adsorption of CH3OH on surface oxygen vacancies but adsorption on transition 

metal site remains the same. On the other hand, having high surface oxygen activity leads to 

strong binding of B-CO2-Ooxide reaction intermediates on surface oxygen sites, resulting in 

surface poisoning and a large energetic barrier for HCHO and CO2 formation. Therefore, the 

high activity of La0.6Sr0.4CoO3 for CH3OH oxidation and selectivity rates towards HCHO can 

be attributed to optimal adsorption energetics for CH3OH and optimal energetic penalty for 

oxygen adsorption and water desorption energy.  

 

5.2 Role of surface-oxygen-activity of La1-xSrxCoO3 on CH3OH adsorption 

energetics 

 
Increasing A-site strontium substitution of lanthanum in CoO2-termniated (001) La1-xSrxCoO3 

(x= 0.0, 0.25, 0.50, 0.75, and 1.00) was found to greatly increase the dissociative adsorption 

energetics of CH3OH (Co/B-OHCH2-Ooxide, dark brown, Fig. A.4.1A and Table A.4.1 and 

CH3O-Ooxide, dark orange, Fig. A.4.1A and Table A.4.1) on surface oxygen of perovskites 

which was accompanied with the formation of H-Ooxide. Greater dissociative adsorption 

strength was correlated with moving the Fermi level closer to the surface O 2p-band center. 

On the other hand, CH3OH adsorption energetics on surface cobalt sites (CH3O-B, dark 

green, Fig. 1A and Table A.4.1) is largely unchanged for LaxSr1-xCoO3 and the surface O 2p-

band center. For example, for LaCoO3, CH3OH adsorbs more strongly via the C-H bond 

scission in the bidentate configuration on surface Co and oxygen sites (B-OHCH2-Ooxide, dark 

brown, Fig. A.4.1A) with energy of -2.39 eV rather than the O-H bond scission on surface 

Co sites  (CH3O-B, dark green, Fig. 1A) with energy of -0.20 eV or surface oxygen sites 
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(CH3O-Ooxide, dark orange, Fig. A.4.1A) with energy of +0.64 eV or C-O bond scission 

(CH3-B, blue,, Fig. A.4.1A and Table A.4.1) on surface cobalt sites with energy of +1.60 eV. 

Similar to LaCoO3, SrCoO3, showed strongest dissociative adsorption in the B-OHCH2-Ooxide 

configuration (dark brown, Fig. A.4.1A) with energy of -3.04 eV and the weakest adsorption 

as CH3O-B (dark green, Fig. A.4.1A) with energy of -0.40 eV. These results are in agreement 

with previous results showing favorable methanol adsorption via C-H bond scission for 

MoO3
49 and Pt/TiO2.18 We did not consider physisorbed or non-dissociative CH3OH 

adsorption, as previous studies on TiO2
50 and CeO2

51 showed that molecular adsorbed 

CH3OH species either convert favorably or are thermo neutral to convert to dissociated 

CH3OH species. More interestingly, increasing dissociative adsorption strength of CH3OH 

(B-OHCH2-Ooxide, dark brown, Fig A.4.1A and CH3O-Ooxide, dark orange, Fig A.4.1A) with 

lowered Fermi level into the O 2p-band center was correlated with reduced surface oxygen 

vacancy formation energy (grey, Fig. 1B) as well as increased hydrogen adsorption energy 

(black, Fig. 1B), similar to previous works.46 As surface binding energetics of different 

adsorbed species are largely dictated by the degree of coupling between surface electronic 

states and frontier orbitals of CH3OH (Fig. 1A), we explain the strong dependence of CH3OH 

adsorption energetics upon dissociate adsorption or the formation of oxygen vacancy on the 

surface by the large charge transfer for the strongly adsorbed species27,52,42 in Table A.4.2.   

 

We further show that direct removal of two hydrogens from gas phase methanol is more 

energetically favorable. The direct dehydrogenation of methanol on surface cobalt sites via 

O-H and C-H bond scission, CH2O-B, (medium green, Fig. A.4.2A and Table A.4.3) and 

both surface cobalt and oxygen sites via C-H and O-H bond scission in the bidentate 

configuration to form B-OCH2-Ooxide (medium brown, Fig. 1B and Table A.5.3) were found 

to be favorable with adsorption energy of -1.8 eV and -2.1 eV, for LaCoO3 respectively. In 

addition, the adsorption strength of both CH2O-B (medium green, Fig. A.42A) and B-OCH2-

Ooxide (medium brown, Fig. A.4.2A) reaction intermediates were found to increase with 

lowered Fermi level into the surface O 2p-band center. Interestingly, the CH2O-Ooxide 

configuration, formed via O-H and C-H bond scission on the surface oxygen site, (medium 

orange, Fig. A.4.2A and Table A.4.3) was only stable for LaCoO3 while HCHO desorption 

was observed for the La0.75Sr0.25CoO3, La0.5Sr0.5CoO3, La0.25Sr0.75CoO3 catalysts, and will be 
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addressed in detail later. Here, we find that the adsorption energy trends for the direct 

dissociation of two hydrogens follows the trend for the adsorption energy via dissociation of 

only one hydrogen from CH3OH and the dissociation of two hydrogens is more favorable 

compared to dissociation of one hydrogen on the (001) surface of La1-xSrxCoO3.    

 

We next show that further direct dehydrogenation of CH3OH via dissociation of three and 

four hydrogens is favorable for all the chemistries investigated. The dissociative adsorption 

energy for direct removal of three and four hydrogens from gas phase CH3OH to form B-

OCH-Ooxide via O-H and two C-H bond dissociation on surface cobalt and oxygen sites  (dark 

purple, Fig. A.4.A, and Table A.4.4), B-OCH-Ooxide via O-H and two C-H bond dissociations 

on surface cobalt and oxygen sites  (dark yellow, Fig. 1B and Table S4), and B-CO2-Ooxide via 

O-H and three C-H bond dissociations on surface cobalt and oxygen sites (dark red, Fig. 1B 

and Table A.5.4) was found to be of -4.00 eV, -6.80 eV, and -7.10 eV respectively for 

LaCoO3 (Fig. 1B). In addition, the adsorption energy for B-OCH-Ooxide, B-OCOH-Ooxide, and 

B-CO2Ooxide increased with the lowering of the Fermi level into the surface O 2p-band center 

(Fig. 1B). The CH-B configuration (light blue, Fig. A.4.3B and Table A.4.4) formed via C-O 

and two C-H bond dissociation of CH3-B (blue, Fig. A.5.1A) is only stable for LaCoO3 while 

for the remaining catalyst surfaces the CH-B configuration converts to B-CH-Ooxide-type 

reaction intermediate (dark purple, Fig. A.5.3B), indicating the increased reactivity of surface 

oxygen with surface O 2p-band center closer to the Fermi level. Here, we find that the 

adsorption energy trends for the direct dissociation of three, four hydrogens follow the trend 

for the adsorption energy via dissociation of only one hydrogen from CH3OH and the 

dissociation of three, four hydrogens is more favorable compared to removal of one or two 

hydrogens.  

 

The presence of surface oxygen vacancies can greatly influence the adsorption energetics of 

CH3OH on the CoO2 termination of stoichiometric (001) La1-xSrxCoO3. The dissociative 

adsorption of CH3OH via O-H bond scission on under-coordinated Co sites, defined as 

surface Co sites adjacent to oxygen vacancy (Buc or Couc), (CH3O-Buc, green , Fig. A.4.1B 

and Table A.4.1) was found stronger than that bound to fully coordinated Co sites (CH3O-B, 

dark green, Fig. A.4.1A) for the Sr-substituted oxides where the Fermi level is much closer to 
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the surface O 2p-band center. For example, CH3O-Buc binding on an under-coordinated Co 

site for SrCoO3 was more favorable than CH3O-B on a fully coordinated Co site by -0.86 eV 

(Fig. A.4.1B), which could be attributed to energy gain in filling the oxygen vacancy and less 

charge transfer to oxidize surface metal sites with carbon down on surface metal sites. We 

next consider dissociative O-H adsorption of CH3OH on surface oxygen vacancy sites 

(CH3O-Ovac, orange, Fig. 1B and Table A.4.1) which has the same stoichiometry as the 

CH3O-Buc  but different surface configuration (Fig. A.4.1B). A similar trend was found for 

CH3O-Ovac (Fig. 1B), where adsorption on LaCoO3 was found to be +0.35 eV less favorable 

while for SrCoO3 it was found to be –0.32 eV more favorable when compared to adsorption 

on the oxygen site (CH3O-Ooxide, dark orange, Fig. A.4.1A). Moreover, we studied the 

dissociative adsorption of CH3OH via C-O scission on under-coordinated Co sites as CH3-Buc 

(dark blue, Fig. A.4.1B and Table A.5.1), where more favorable dissociative adsorption was 

observed with oxides having O 2p-band center closer to the Fermi level. Similarly, 

adsorption energetics of the CH3-Buc reaction intermediates (dark blue, Fig. 1B) are more 

favorable than the corresponding CH3-B reaction intermediate (blue, Fig. A.4.1A) for all the 

oxide chemistries except for SrCoO3. Furthermore, CH3OH adsorption via C-H bonds 

dissociation on surface oxygen and under-coordinated Co sites (brown, Buc-OHCH2-Ooxide, 

Fig. A.4.1B and Table A.4.1) and the adsorption energy for all the catalysts was more 

favorable for the case of dissociative CH3OH adsorption on stoichiometric surface (B-

OHCH2-Ooxide) compared to the surface containing oxygen vacancies. We find that 

dissociative CH3OH adsorption on the oxygen vacancy sites is more favorable for CH3O-Ovac 

configuration compared to adsorption on stoichiometric sites (CH3O-B, CH3O-Ooxide) while 

in the case of CH3OH adsorption on both Co and oxygen surface sites (B-OHCH2-Ooxide), 

adsorption on the stoichiometric site is more favorable. 

 

We further find that adsorption energy for direct dehydrogenation of CH3OH via dissociation 

of two; three, and four hydrogens are favorable in the presence of oxygen vacancies. First, 

dissociation of two hydrogens of CH3OH via O-H and C-H bond scission on under-

coordinated cobalt sites to form CH2O-Buc (light green, Fig. A.4.2B and Table A.5.3), via O-

H and C-H bond scission at oxygen vacancy sites to form CH2O-Ovac (light orange, Fig. 

A.4.2B and Table A.4.3), via C-H and O-H bond scission in a bidentate configuration on 
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under-coordinated cobalt and oxygen surface sites, Buc-CH2OH-Ooxide (light brown, Fig. 

A.4.2B and Table A.4.3) became more favorable with lowering O 2p-band center. Also, 

HCHO can desorb from CH2O-Ovac or CH2O-Buc to leave behind a surface oxygen vacancy. 

Moreover, compared to adsorption in the stoichiometric case, the adsorption energy for Buc-

CH2OH-Ooxide and CH2O-Buc are less favorable or comparable to B-CH2OH-Ooxide and CH2O-

B respectively. In addition, dissociative adsorption energy of Buc-OCH-Ooxide (light purple, 

Fig. A.5.3A and Table A.5.4), and Buc-CO2-Ooxide (light red, Fig. A.4.3A and Table A.4.4) 

were found to be weaker than the corresponding adsorption energy for stoichiometric 

LaCoO3 by +0.10 eV and +0.68 eV, and by +1.20 and +0.20 eV for SrCoO3, respectively 

(Fig. A.4.3A). These results indicate that for these reaction intermediates the adsorption 

energy for multiple dehydrogenation steps is dictated by the formation of carbonaceous and 

H-Ooxide species instead of energy arising from oxygen vacancy formation energy. (Table. 

A.4.5) Therefore, the surface electronic structure feature, namely the surface O 2p-band 

center relative to the Fermi level, dictates the oxygen vacancy formation energy and 

adsorption energetics of CH3OH and O2 on surface metal and oxygen sites (Fig. 1B), which 

can greatly influence the CH3OH oxidation kinetics on these perovskite surfaces.  

Figure 1. Dissociative adsorption of CH3OH on La1-xSrxCoO3. A) Schematic electronic structure 
of perovskite metal oxide on an absolute energy scale referenced to vacuum and CH3OH 
molecule showing the lone pairs on the oxygen atom aligned to the oxidation potential of CH3OH 
to CO2. B) Correlation between surface oxygen vacancy formation energy (Ovac, grey, BO2 →BO2-

x + ½O2), hydrogen adsorption energy (black, H-Ooxide, ½H2 + BO2 →H-Ooxide,), dissociative 
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adsorption energy of CH3OH on surface oxygen vacancy site via O-H bond scission to form 
CH3O-Ovac (orange, BO2 + CH3OH → CH3O-Ovac + H-Ooxide+ ½O2), surface Co surface site via 
C-O bond scission to form CH3-B (dark green, BO2 + CH3OH → CH3-B + H-Ooxide), complete 
dehydrogenation leading to B-OCOH-Ooxide via three C-H bond dissociations on surface Co and 
oxygen sites (dark yellow, BO2 + CH3OH→ B-OCOH-Ooxide + 2H-Ooxide + 2H-Ooxide

*), and B-
CO2-Ooxide via O-H and three C-H bond dissociations on surface Co and oxygen sites  (dark red, 
BO2 + ½O2 + CH3OH→ B-CO2Ooxide + 2H-Ooxide + 2H-Ooxide

*) as a function of the surface O 2p-
band center relative to the Fermi level. Data points were obtained from the BO2-terminated (001) 
surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 0.75, and 1.00), calculated by 
DFT with the optimized binding configurations of CH3OH on the metal and oxygen site shown 
here. Adsorption free energy is calculated with respect to the stoichiometric BO2 surface, 
CH3OH, H2, and O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, pH2 = 1 mTorr, and 
pO2 = 20 mTorr). Oxygen: red, cobalt: grey, lanthanum: green, carbon: dark blue, hydrogen: 
white and red square indicates surface oxygen vacancy.* indicates that the adsorption energy of 
the H-Ooxide reaction intermediate was calculated on a separate unit cell. 
	
 

5.3 Role of surface-oxygen-activity of La1-xSrxCoO3 on carbonaceous 

speciation  

AP-XPS measurements were performed to investigate the surface speciation of carbonaceous 

reaction intermediates in presence of CH3OH and O2 on epitaxial thin films of (001)-oriented 

La1-xSrxCoO3. Increasing Sr content (estimated using La 4d in Fig. A.5.4A and Sr 3d 

intensities in Fig. A.4.4B) in accordance with increasing Sr substitution (Fig. A.4.4C) 

Excellent agreement was observed for estimated Sr content in La0.2Sr0.8CoO3 and  

La0.6Sr0.4CoO3 when compared to the expected nominal Sr content. We also note a slightly 

higher estimated Sr content (~0.71) from AP-XPS for La0.4Sr0.6CoO3 than the nominal 

composition (0.6) due to surface segregation of Sr and/or formation of SrOx phase in 

agreement with previous works.53,54 C 1s spectra were collected from epitaxially-grown La1-

xSrxCoO3 thin films under isobaric conditions of pCH3OH = 100 mTorr and pO2 = 20 mTorr 

for the temperature range of ~25-300 °C (Fig. 2A) following the removal of most adventious 

carbon species by heating to 250 °C in O2 (C 1s spectra in Fig. A.4.5 and survey spectrum in 

Fig. A.4.6). Representative C 1s spectra of La0.6Sr0.4CoO3 as a function of temperature are 

shown in Fig. 2A and the other LaxSr1-xCoO3 (x = 0, 0.20, 0.40) are shown in Figs. A.4.7-S9. 

The C 1s peaks were fitted with the Gaussian-Lorentzian line shape (Fig. 2B, fitting 

parameters in Table A.5.2), and deconvoluted to include adventitious carbon (CHx-like 
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species, 284.8 eV),47 methoxy (CH3O-, 286.1 eV),18,55 carbonate (CO3-, 288.3 eV),47 and 

bicarbonate (HCO3-, 290.1 eV)47 species based on previous work from CO2,47 CH3OH,18 and 

dimethyl methylphosphonate55 adsorption on oxide surfaces (Fig. A.4.10). Considering the 

most energetically favorable adsorbates on LaxSr1-xCoO3 from DFT results, we assign the 

~284.8 eV peak in Fig. 2B to CH3-Buc (adventious, dark blue in Fig. A.5.1B), 286.1 eV peak 

in Fig. 2B to CH3O-Ovac (methoxy, orange in Fig. 1B), and 288.3 eV peak in Fig. 2B to B-

CO2-Ooxide species (carbonate, dark red in Fig. 1B). Also, as the CH3OH adsorption energy 

for under-coordinated metal-site (CH3O-Buc, light green, Fig. A.4.1B) is similar to that of on 

oxygen vacancy sites (CH3O-Ovac, orange, Fig. 1B), the peak at 286.1 eV could also be 

assigned to CH3O–Buc species. Beyond these three major components, minor species at 

higher binding energy at 290.1 eV in Fig. 2B were observed which was attributed to B-

OCOH-Ooxide reaction intermediate (bicarbonate, dark yellow in Fig. 1B). However, we did 

not consider this reaction intermediate in further discussion due to the lower relative intensity 

compared to the other reaction intermediates. Further, the low-binding component at 284.8 

eV, CH3-Buc (adventious, blue, Fig. 3A) was found to have a decreasing intensity trend with 

lowered surface O 2p-band center relative to Fermi level of La1-xSrxCoO3. While a similar 

trend of reducing CHx intensity with lowering O 2p-band center was observed for Co-based 

perovskite surfaces upon CO2 adsorption in the absence of CH3OH at room temperature,47 

adventious carbon in the AP-XPS chamber56 may contribute to the peak feature, which will 

not be considered further. Finally, we also note that while B-OHCH2-Ooxide, Buc-OHCH2-

Ooxide, B-OCH2-Ooxide, Buc-OCH2-Ooxide, B-OCH-Ooxide, and Buc-OCH-Ooxide reaction 

intermediates have favorable adsorption energy (Figs. A.4.1, A.4.2), we do not assign any of 

the AP-XPS features to these reaction intermediates due to the relatively larger adsorption 

energy for B-CO2-Ooxide and Buc-CO2-Ooxide arising from further dehydrogenation of such 

reaction intermediates and also the strong overlap in the XPS peak regions of B-CO2-Ooxide 

(CO3-) and B-OCH-Ooxide (HCOO-) reaction intermediates from previous studies. (Fig. 

A.4.10)  

 

The B-CO2-Ooxide (dark red, Fig. 2C) and CH3O-Ovac (orange, Fig. 2C) species were found to 

dominate at temperatures lower than 200 °C for La0.6Sr0.4CoO3, (dark red, Fig. 2C), where 

the intensity of B-CO2-Ooxide species first increased and then decreased with increasing 
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temperature (Figs. A.4.7B-9B) attributed to the conversion of CH3O-type reaction 

intermediates to B-CO2-Ooxide. In contrast to B-CO2-Ooxide, the intensity of CH3O-Ovac 

(orange, Fig. 2C), CH3-Buc (dark blue, Fig. 2C), and B-OCOH-Ooxide (dark yellow, Fig. 2C) 

reaction intermediates decreased with increased temperature, but the CH3O-Ovac (orange, Fig. 

2C) reaction intermediate became dominant at high temperatures greater than 200 C°. The 

changes of the O 1s spectra collected at 25 °C, 100 °C, and 200 °C for La1-xSrxCoO3 (x = 0, 

0.2, 0.4, and 0.6) in Figs. A.4.11A-C was consistent with the observation of the C 1s spectra. 

The O 1s also a decrease in the relative intensity of B-CO2-Ooxide (dark red, 533 eV),57,58 and 

CH3O-Ovac (orange, 532 eV)53.31 species with increasing temperature in agreement with the 

observation in the C 1s spectra indicating the oxidation of methanol reaction intermediates to 

HCHO, CO2, and H2O.59,60 Also, surface Sr species (531.9 eV)61, SrO (529.7 eV)62, and 

Sr(OH)2 (533 eV)62 have been reported in the O 1s spectra previously but have not been 

considered here. 

 

Figure 2. AP-XPS of La0.6Sr0.4CoO3 thin film exposed to CH3OH and O2. A) Raw isobar 
spectrum of C 1s collected at 490 eV incident photon energy under pCH3OH = 100 mTorr 
and pO2 = 20 mTorr from T = 25 °C – 300 °C. B) Representative de-convolution of the C 1s 
490 eV spectrum collected at 25, 100, 150, and 200 °C. C) Evolution of integrated areas as a 
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function of increasing temperature, where CH3-Buc (adventious, 285 eV, dark blue), CH3O-
Ovac (methoxy, 286.1 eV, orange), B-CO2-Ooxide (carbonate, 288.34 eV, dark red), and B-
OCOH-Ooxide (bicarbonate, 290 eV, dark yellow) species are initially formed at 25 °C and 
whose quantity decreases upon increasing temperature. Overall carbonaceous species were 
found at lower temperature in more significant quantities and the intensities decrease with 
temperature. All spectra and intensities are plotted after background subtraction without any 
normalization. AP-XPS integrated intensities error bars (standard deviations) were 
calculated by Monte Carlo simulation of the peak fitting. Peak width of 0.3 eV and FWHM of 
0.2 eV were used for the peak fittings and are reported in Table A.4.2.  
 

The assignment of these major components derived from CH3OH adsorption on (001) La1-

xSrxCoO3 was further supported by Sr-dependent changes in the C 1s spectra of La1-xSrxCoO3 

(x = 0, 0.2, 0.4, and 0.6) collected at 100 °C, as shown in Fig. 3A (temperature dependent 

spectra in Figs. A.4.12-A.5.15). The intensity of CH3O-Ovac reaction intermediate (orange, 

Fig. 3A) was seen to first increase and then decreases with lowered Fermi level into O 2p-

band center of La1-xSrxCoO3, which is in contrast with the monotonic increase in the 

computed adsorption energy of this CH3O-Ovac species (orange, Fig. 1B). Such a different 

trend can be attributed to favorable Gibbs free energy gain for the formation of CH3O-Ovac 

and H-Ooxide reaction intermediates due to dehydrogenation of CH3OH on a surface oxygen 

vacancy site at low strontium concentrations versus the conversion of CH3O-Ovac to HCHO 

and B-CO2-Ooxide at high strontium concentrations in La1-xSrxCoO3. In addition, with 

increasing temperature, CH3O-Ovac intensity was observed to decrease (Fig. 3B), which could 

be attributed to the conversion of CH3O-Ovac to HCHO and B-CO2-Ooxide. Moreover, unlike 

the trends observed for CH3O-Ovac, B-CO2-Ooxide  (dark red, Fig. 3A) was found to 

significantly increase with Fermi level closer to surface O 2p-band center of La1-xSrxCoO3 

for all temperatures in Fig. 3C, which is consistent with increasing adsorption energy of the 

carbonate species on surface oxygen as shown in Fig. 1B (dark red) in agreement with 

previous work on CO2 adsorption on perovskite thin films.47 Also, with increasing 

temperature, the B-CO2-Ooxide intensity was observed between 25-100 °C (Fig. 3C), which 

could be attributed to the conversion of CH3O-type intermediates to B-CO2-Ooxide. Upon 

further increasing temperature the B-CO2-Ooxide intensity was seen to decrease suggesting the 

conversion of B-CO2-Ooxide to CO2. Furthermore, the intensity of all surface species, 

including CH3-Buc (Fig. A.4.16A) and B-OHCO-Ooxide (Fig. A.4.16B) decreased at higher 

temperature consistent with the overall oxidation of reaction intermediates. Also, a decrease 
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in the Sr-segregation on the surface was observed with increasing temperature as seen in the 

Sr 3d spectra in Figs. A.4.17A-C. The largest Sr segregation was noted for La0.6Sr0.4CoO3 

(Fig. A.4.17C) and we address the extent of Sr segregation in La0.6Sr0.4CoO3 by developing a 

surface Sr segregation model (Supplementary Information) based on the estimated Sr content 

(Fig. A.4.4C) and the inelastic mean free path (IMFP) of the photoelectrons in AP-XPS (~1.5 

nm for 735 eV). We find that the average SrSurface content to be 0.75 (Fig. A.4.18A) and 

estimate the SrSurface O 2p-band center to be -1.63 eV based on the linear correlation between 

surface O 2p-band center and Sr content (Fig. A.4.18B). Therefore, the trends of intensities 

of the major reaction intermediates CH3O-Ovac (orange, Fig. 3B) and B-CO2-Ooxide (dark red, 

Fig. 3C) with respect to the SrSurface content (Fig. A.4.19A and B) would be the same as 

previously described since the O 2p-band center computed for La0.25Sr0.75CoO3  was used for 

the experimental La0.6Sr0.4CoO3 thin film. The similar trend in the reaction intermediate 

intensity result suggests that the surface Sr-enrichment and/or formation of SrOx-type phases 

are not significant enough to alter the observed trends in intensities of reaction intermediates. 

We also note that SrSurface layer could contain SrO, SrCO3, and Sr(OH)2 species whose 

relative contributions are difficult to discern due to their overlapping features in the Sr 3d 

spectra61 and the presence of carbonaceous species in the O 1s spectra. Moreover, we also 

show that SrO (if present) is inactive towards CH3OH oxidation with no HCHO or CO2 

conversion being observed upto 200 °C (Fig. A.4.19)  

 

The O 1s spectra also revealed similar trends as the C 1s spectra with a volcano-like trend for 

the CH3O-Ovac intensity and increased B-CO2-Ooxide intensity with increasing O 2p-band 

center in Figs. A.4.11A-C. Therefore, the AP-XPS results revealed that increasing strontium 

substitution in LaxSr1-xCoO3 can enhance CH3OH adsorption on oxygen vacancies, and on 

surface oxygen and cobalt sites in agreement with DFT results (Fig. 1B), where the intensity 

decreases with increasing temperature due to desorption. Next, we discuss how different 

reaction intermediates can affect the kinetics of CH3OH conversion to HCHO and CO2.  
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Figure 3: Role of Sr-substitution on AP-XPS surface speciation. A) C 1s 490 eV spectra at 
100 °C for the La1-xSrxCoO3 thin films (x = 0, 0.2, 0.4, and 0.6). Surface quantity of B) 
CH3O-Ovac (methoxy, orange), C) B-CO2-Ooxide (carbonate, dark red), reaction intermediates 
as a function of surface O 2p-band center, where surface species quantity was determined by 
the counts per second (cps) after background subtraction without any normalization for a 
range of temperatures. (T = 25, 50, 100, 150, 200, 250, and 300 °C) AP-XPS integrated 
intensities error bars (standard deviations) were calculated by Monte Carlo simulation of the 
peak fitting.  O 2p-band center values for the experimental thin films were obtained from the 
DFT calculations of the surface slab with the closest Sr content. 
 

 

5.4 Role of surface oxygen activity on the selective oxidation kinetics of 

CH3OH to HCHO  
 

We examined the catalytic activity of CH3OH oxidation to HCHO (Fig. A.4.20A) and CO2 

(Fig. A.4.20B) on La1-xSrxCoO3 (x = 0, 0.2, 0.4 and 0.6) powders samples, which were 
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measured in a plug flow reactor by introducing 70 ppm CH3OH under a flow rate of 150 mL 

min-1 with varying oxygen concentration of 20 ppm-8% O2. We first investigated CH3OH 

conversion under the same O2:CH3OH gas ratio as the AP-XPS reaction conditions (1:5) and 

observed abrupt formation of CO2 (Fig. A.4.20A) and CO (Fig. A.4.20C) at 120 °C for 

LaCoO3 suggesting that the catalyst was likely reduced due to insufficient oxygen in the gas 

stream.63Since no sample reduction was observed in Co 3p spectrum (Figs. A.4.21A-D) in 

the relevant temperature range under AP-XPS reaction conditions, we investigated methanol 

conversion at higher oxygen gas concentration (8% O2) to avoid sample reduction.  

 

We next studied CH3OH oxidation by heating the catalysts in the presence of 70 ppm 

CH3OH-8% O2 and measuring CH3OH conversion to HCHO (Fig. 4A) and CO2 (Fig. 

A.4.22A) as a function of temperature. HCHO formation kinetics described by HCHO 

turnover frequency (TOF, Fig. 4B, surface area normalized reaction rates in Fig. A.5.23A) 

and HCHO selectivity% (Fig. A.4.23B) was found to increase from LaCoO3 to 

La0.8Sr0.2CoO3 and La0.6Sr0.4CoO3 and then decrease for La0.4Sr0.6CoO3 This volcano trend 

with the surface O 2p-band center relative the Fermi level is similar to the trends observed 

for the CH3O-Ovac reaction intermediate using AP-XPS in Fig. 3B. %HCHO selectivity 

decreased with increasing temperature (Fig. A.4.23B), suggesting that the 

thermodynamically favorable reaction of complete CH3OH oxidation to CO2 (ΔG = -8.25 eV 

for CO2 compared to ΔG = -2.30 eV for HCHO at T = 100 °C and pCH3OH = 100m Torr, 

pO2= 25 mTorr, pCO2 = 1 mTorr, pHCHO =1 mTorr, pH2O = 1mTorr) becomes more 

favorable at higher temperatures. Meanwhile, CO2 TOF showed a volcano trend with the 

surface O 2p-band center in Fig. 5A (surface area-normalized CO2 formation rate in Fig. 

A.4.22B) and %CO2 selectivity was found to follow an inverted volcano type trend at various 

temperatures as shown in Fig. A.4.22C. Finally, CH3OH consumption rate with increasing 

temperature function of temperature (Fig. A.4.24A and B) showed a volcano trend with 

surface O 2p-band center relative to the Fermi level. Of significance note is that 

La0.6Sr0.4CoO3 showing the highest consumption rate at temperatures much lower than the 

Ag,64 BCN,65 and Fe-Mo oxide catalysts.66,67  
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Figure 4. Selective oxidation kinetics of CH3OH to HCHO. A) CH3OH oxidation activity 
shown as conversion to HCHO as a function of temperature for the La1-xSrxCoO3 (x = 0-0.6) 
series conducted in a flow reactor, B) Turnover frequency (TOF) values for CH3OH 
oxidation to HCHO at T = 90, 110 and 150 °C and integrated peak intensities for CH3O-Ovac 
(orange) at 100 and 150 °C (Fig. 3A) as a function of the surface O 2p-band center. HCHO 
formation rate as a function of the surface O 2p-band center, where the activity metric was 
chosen at T = 90, 110, and 150 °C from the Arrhenius type plot in Fig. A.4.20A. The 
percentage conversion of CH3OH oxidation to HCHO was calculated by determining the 
percentage of inlet CH3OH reacted during the reaction, which can be calculated by the 
formula, % conversion=100*((HCHOppm, out)/CH3OHppm, in), where CH3OHppm, in was the 
concentration of the initial CH3OH reactant, HCHOppm, out and CO2ppm, out were the 
concentrations of HCOH and CO2 gases observed after reaction with the catalyst. HCHO 
formation rate was determined using the formula, 𝑟!"#$%&'"( =

 !!"##. !"!!  
  !! 

 

{    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
}, Where mass activity was estimated using the formula, 𝑟!"## =
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}, For %CH3OH conversion less than 12.5% obtained for 
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of the pseudo-cubic perovskite catalysts as obtained from DFT (PD100 = 1.34*1019 Ooxide/m2. 
Catalyst loading of 750 mg, inlet CH3OH flow rate of 150 ml min-1 and gas concentration of 
70 ppm CH3OH-8% O2 was used for all the measurements. AP-XPS integrated intensities 
error bars (standard deviations) were calculated by Monte Carlo simulation of the peak 
fitting. C) Oxygen vacancy mediated CH3OH oxidation to HCHO via O-H bond scission of 
CH3OH to form CH3O-Ovac after oxygen vacancy formation (step 1), followed by 
dehydrogenation of CH3O-Ovac to adsorbed CH2O-Ovac (step 2), desorption as HCHO (step 
3), and oxygen adsorption and H2O desorption to complete the catalytic cycle (step 4), where 
oxygen vacancy is denoted by an open red square. Adsorption and desorption free energy are 
calculated with respect to the BO2 surface CH3OH, HCHO, H2O, and O2 in the gas phase (T 
= 100 °C, pCH3OH = 100 mTorr, pO2 = 20 mTorr, pCO2 = 1 mTorr, pHCHO = 1 mTorr, 
and pH2O= 1 mTorr), D) Gibbs free energy profile on La1-xSrxCoO3 (x = 0.00, 0.50, and 
1.00) for the vacancy mediated reaction mechanism, which shows CH3OH adsorption being 
rate limiting for x = 0.00, desorption of HCHO being limiting for x = 0.50 and oxygen 
adsorption and H2O desorption being limiting for x = 1.00. 
 
   
Here we propose redox reaction mechanisms of CH3OH, specifically selective CH3OH 

oxidation to HCHO, centered on surface oxygen vacancies (CH3O-Ovac, Fig. 4C), where the 

kinetics can be regulated by surface oxygen activity as described by the surface O 2p-band 

center relative to the Fermi level. The reaction mechanism on the surface oxygen vacancy 

was found more favorable than the reaction mechanism on surface metal sites or surface 

oxygen sites (CH3O-B in Fig. A.4.25A, CH3O-Ooxide in Fig. A.4.26A, or B-HOCH2-Ooxide in 

Fig. A.4.27A). The proposed reaction mechanisms are supported by the energetics of each 

reaction step computed from DFT (Fig. A.4.28) and AP-XPS observations  (Figs. 2 and 3), 

and the following steps discussed below.  

 

First, dissociative CH3OH adsorption occurs at the surface oxygen vacancy site (CH3O-Ovac) 

as reported previously49,68 rather than the transition metal site (CH3O-B) or an oxygen site 

(CH3O-Ooxide) along with the formation of H-Ooxide (Fig. 4C). Although the B-HOCH2-Ooxide 

reaction pathway has the most favorable CH3OH dissociation energy, we did not consider the 

B-HOCH2-Ooxide pathway here as CH3O-Ovac species were observed in the AP-XPS spectra 

(orange, Figs. 2-3) and have been reported previously on SrTiO3 after CH3OH adsorption.19 

Second, CH3O-Ovac reaction intermediate undergoes dehydrogenation by second surface 

oxygen to form CH2O-Ovac and H-Ooxide. Third, CH2O-Ovac desorbs as HCHO to leave behind 

a surface oxygen vacancy. Finally, oxygen adsorption occurs to refill the oxygen vacancy 

along with desorption of H2O from H-Ooxide. The free energy of CH3OH adsorption on the 
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oxygen vacancy sites of LaCoO3 was found to be uphill with energy of +0.13 eV, and this 

step became more energetically favorable with moving the Fermi level closer to the surface 

oxygen 2p-band center, where the step was downhill by -1.02 eV on the surface vacancy site 

of SrCoO3 (Fig. 4D). Further, Gibbs free energy for CH3OH adsorption as CH3O-Ovac and 

oxygen adsorption/H2O desorption were seen to have opposite trends as a function of the 

surface O 2p-band center relative to the Fermi level (Fig. A.5.28), leading to the formation of 

the volcano-like trend observed for the CH3O-Ovac intermediate in AP-XPS in Fig. 3B. For 

the surfaces with O 2p-band away from the Fermi level, we find that the reaction is likely to 

be limited by C-H bond dehydrogenation or HCHO desorption while for surfaces with O 2p-

band closer to the Fermi level, the reaction is likely to be limited by oxygen adsorption and 

water desorption (Fig. 4D) leading to the observed volcano-type correlation for HCHO TOF 

and CH3O-Ovac integrated intensity (Fig. 4B). We also note that the energetics for an under-

coordinated metal-based CH3OH oxidation pathway (CH3O-Buc, Fig. A.4.29A) is similar to 

that of the oxygen vacancy-based CH3OH oxidation pathway and this reaction mechanism 

cannot be ruled out. The corresponding free energy diagrams for LaCoO3 (x = 0), 

La0.5Sr0.5CoO3 (x = 0.5), and SrCoO3 (x = 1) surfaces are reported in Fig. A.4.29B and the 

Gibbs free energy for the CH3OH adsorption step on under-coordinated Co sites (CH3O-Buc) 

and the steps for H2O desorption and oxygen adsorptions show opposite trends (Fig. 

A.4.29C) similar to the surface oxygen vacancy pathway. This result is consistent with 

previous investigations that have shown that methoxy species (CH3O-) decomposition 

temperature correlated with HCHO formation rates.35  

 

We further verified the proposed reaction mechanism involving CH3OH adsorption on the 

oxygen vacancy sites by measuring the HCHO formation rate (Fig. A.4.30A), CO2 formation 

rate (Fig. A.4.30B), as well as CH3OH conversion rate (Fig. A.4.30C) by varying the oxygen 

partial pressure from 20 ppm to 8% O2  for LaxSr1-xCoO3 (x = 0.0, x = 0.6). We observed 

volcano type dependence as a function of the oxygen concentration for HCHO and CO2 

formation rate which can be understood by invoking a micro-kinetic model in the low and 

high oxygen concentrations regimes based on previously developed models for methanol 

oxidation on MoO3
50 and Pd clusters49,69 (Table A.5.7). First, under low oxygen 

concentration (pressure), we rationalize the trend of increasing reaction rate with increasing 
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oxygen concentration by the limited C-H dehydrogenation at low oxygen partial pressure due 

to the presence of a large number of oxygen vacancies and non-availability of surface oxygen 

species to form surface hydroxyl species. Hence, the methanol conversion rate increases with 

increasing oxygen partial pressure in this region. On the other hand, at higher oxygen partial 

pressure, with surface oxygen species being the dominant surface species, the reaction is 

limited by oxygen vacancy formation and the reaction rate decreases with increasing oxygen 

partial pressure.49  

 

Figure 5. Selective oxidation kinetics of CH3OH to CO2. A) TOF values for CH3OH 
oxidation to CO2 at T = 90, 110, and 150 °C and integrated peak intensities for B-CO2-Ooxide 
reaction intermediate at 100 and 150 °C (dark red, Fig. 3C) as a function of the surface O 
2p-band center, where the activity metric was chosen from the Arrhenius type plot in Fig. 
A.4.20A. The percentage conversion of CH3OH oxidation to CO2 was calculated by the 
formula, %conversion=100*(CO2ppm, out)/CH3OHppm, in, where CH3OHppm, in was the 
concentration of the initial CH3OH reactant, and CO2ppm, out was the concentration of CO2 
gas observed after reaction with the catalyst. CO2 formation rate was determined using the 
formula, 𝑟!"#$%&'"( =

 !!"##. !"!!  
  !! 

 {    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
}, Where mass activity was estimated 

using the formula, 𝑟!"## =
  % !!"#$%&'!". !!"!!"  

!.  !! .  !!"#   
 {   !".  !"#!!

 !.  !"#!!.  ! 
}, For %CH3OH conversion less 

than 12.5% obtained for the La1-xSrxCoO3 (x=0-0.6) series conducted in a flow reactor. 
Catalyst loading of 750 mg, inlet CH3OH flow rate of 150 ml min-1 and gas concentration of 
70 ppm CH3OH-8% O2 were used for all the measurements. Finally, the TOF are reported 
using the formula, 𝑇𝑂𝐹 = !!.  !! 
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pseudo-cubic perovskite catalysts as obtained from DFT (PD100 = 1.34*1019 Ooxide/m2. AP-
XPS integrated intensities error bars (standard deviations) were calculated by Monte Carlo 
simulation of the peak fitting. B) Oxygen vacancy mediated CH3OH oxidation to CO2 via O-
H and C-H bond scissions of CH3OH to form B-OCH2-Ooxide (step 1), followed by 
dehydrogenation of B-OCH2-Ooxide to B-OCH-Ooxide (step 2), conversion of B-OCH-Ooxide to 
CO2 leading to oxygen vacancy formation (step 3), and oxygen adsorption and H2O 
desorption to complete the catalytic cycle (step 4), where oxygen vacancy is denoted by an 
open red square. C) Gibbs free energy profile on La1-xSrxCoO3 (x = 0.00, 0.50, and 1.00) for 
the vacancy mediated reaction mechanism, D) Carbonate mediated CH3OH oxidation to CO2 
via conversion of B-OCH-Ooxide to B-CO2-Ooxide (step 3’), followed by desorption of CO2 from 
B-CO2-Ooxide (step 4’), and oxygen adsorption and H2O desorption to complete the catalytic 
cycle (step 5’). E) Gibbs free energy profile on La1-xSrxCoO3 (x = 0.00, 0.50, and 1.00) for 
the carbonate mediated reaction mechanism.   

 
In contrast to the oxygen vacancy-based CH3OH oxidation pathways, the transition metal-

based CH3OH oxidation pathway (Fig. A.4.25A) is rather unlikely without the involvement 

of the surface oxygen. The adsorption of CH3OH on surface metal sites (CH3O-B) and 

subsequent desorption of CH2O-B in Fig. A.4.25B are energetically unfavorable (Fig. 

A.5.25C). A high-energy penalty for CH3OH adsorption not strongly dependent on neither 

oxide-chemistry nor strontium concentration in La1-xSrxCoO3 (Fig. A.4.25C) is in contrast to 

pronounced changes in the C 1s speciation observed in AP-XPS (Fig. 3) and distinctive 

kinetics of CH3OH to HCHO conversion found for different concentrations of Sr in La1-

xSrxCoO3 (Fig. 4B) suggesting that the transition metal-based reaction mechanism is 

unlikely. Next, we also considered the reaction mechanism for CH3OH adsorption on the 

oxygen sites (Fig. A.4.26A) leading to the formation of CH3O-Ooxide. Here we observed that 

the dehydrogenation of CH3O-Ooxide to form HCHO was found to be energetically favorable 

for all the oxide chemistries. (Figs. A.4.26B and C) However, as the surface oxygen site is 

the active reaction site in this case, increasing oxygen pressure in this case would lead to 

linearly increasing reaction rate which is in contrast to the volcano type behavior observed in 

the reaction order measurements (Fig. A.4.30). 

 

We next considered CH3OH adsorption on both the surface oxygen and cobalt sites in a 

bidentate configuration (B-OHCH2-Ooxide, Fig. A.4.27A), which was found to have strong 

adsorption for all the catalysts (Fig. A.4.27B). This reaction mechanism is unlikely for 

HCHO formation due to the high activation barrier for bidentate B-OCH2-Ooxide conversion 

to HCHO70 and the uphill free energy for HCHO desorption (Fig. A.4.27C). Moreover, as 
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bidentate reaction intermediates are thermodynamically favored reaction intermediates (B-

CH2OH-Ooxide, and B-CH2O-Ooxide, dark brown in Fig. A.4.1B and Fig. A.4.2B respectively) 

as seen previously for CeO2,16 we consider this pathway to understand the reaction 

mechanism for CO2 formation which is the thermodynamically favored product. We justify 

this consideration by noting it is energetically favorable for monodentate reaction 

intermediates adsorbed only on the surface Co sites (CH3-B, CH3-Buc) or surface oxygen sites 

(CH3O-Ooxide, CH3O-Ovac), to convert to the respective bidentate configurations of B-OH2C-

Ooxide and Buc-OH2C-Ooxide (Fig. A.4.31). Moreover,  both Buc-OH2C-Ooxide and Buc-CO2-

Ooxide have favorable adsorption energy, but we did not consider these reaction intermediates 

for CO2 formation reaction pathway due to the more favorable adsorption energy for the 

corresponding B-OH2C-Ooxide and B-CO2-Ooxide reaction intermediates (Figs. A.4.2A and B 

and A.4.3A). To explain the volcano trend of CO2 TOF as a function of the surface O 2p-

band center (Fig. 5A), we understand the trends in the adsorption energetics of B-CO2-Ooxide, 

and desorption of CO2 using the reaction mechanisms centered on both the surface oxygen 

and cobalt sites proposed in Figs. 5B,D. Firstly, for the vacancy-mediated mechanism (Fig. 

5B), we consider direct dehydrogenation of two hydrogens of CH3OH to form B-OH2C-Ooxide 

and 2H-Ooxide (Step 1). The second step involves the formation of B-OHC-Ooxide and H-Ooxide 

from B-OH2C-Ooxide (Step 2) followed by the third step of CO2 desorption from B-OHC-

Ooxide to form surface oxygen vacancies (Step 3). The fourth step involves oxygen adsorption 

leading to vacancy refilling and water desorption from H-Ooxide (Step 4). Furthermore, 

carbonate mediated pathway for CO2 formation is also proposed via carbonate (B-CO2-Ooxide) 

formation (Fig. 5D) wherein the B-OHC-Ooxide converts to B-CO2-Ooxide via oxygen 

adsorption (Step 3’) instead of converting to CO2 as described previously. Next, B-CO2-Ooxide 

is converted to CO2 (Step 4’), and finally, oxygen adsorption occurs leading to H2O 

desorption from H-Ooxide (Step 5’). 

 

We considered the adsorption energy trends for each of the reaction steps for both the 

vacancy mediated and carbonate mediated reaction pathways where the energetics for B-

OHC-Ooxide formation (Step 1, 2) and CO2 desorption (Step 3) become favorable as the Fermi 

level moves closer to the oxygen 2p-band center (Fig. A.4.32). In addition, the Gibbs free 

energy for oxygen adsorption and H2O desorption (Step 4) trends in the opposite direction to 
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that of the CO2 formation energy. Interestingly, the energetics for conversion of B-OHC-

Ooxide to B-CO2-Ooxide (Step 3’) is highly favorable for LaCoO3 (x = 0.0) with energy of -3.07 

eV and does not change significantly for SrCoO3 (x = 1.0) with energy of -3.15 eV. 

Moreover, the conversion of B-CO2-Ooxide to CO2 is not favorable (+0.16 eV for LaCoO3 and 

+0.17 eV for SrCoO3 in Fig. 5E) compared to the conversion of B-HCO-Ooxide to CO2 (-1.90 

eV for LaCoO3 and -2.67 eV for SrCoO3 in Fig. 5C) suggesting that the carbonate mediated 

pathway (B-CO2-Ooxide) is not an active pathway for CO2 formation at low temperature (Step 

4’). Hence, we propose for the lower Sr substituted catalysts, CO2 formation is limited by C-

H bond dissociation while for the higher Sr substituted catalysts, the reaction is limited by 

CO2 desorption from the B-CO2-Ooxide sites leading to the volcano-type trend for CO2 

formation as a function of the O 2p-band center in Fig. 5A. We further verify the reaction 

mechanism for CO2 formation by understanding the volcano trend of CO2 formation rate 

with increasing oxygen concentration (Fig. A.4.30B) by proposing that at low oxygen 

concentration not enough surface oxygen sites are available for B-HCO-Ooxide 

dehydrogenation to CO2 while at higher oxygen concentration increasing carbonate 

formation leads to surface poisoning by carbonate (B-CO2-Ooxide) which decreases CO2 

formation rate. 

 

This investigation on perovskite catalysts with a significant range of O 2p-band centers 

highlights that the CH3OH oxidation activity peaks at optimal oxygen vacancy formation 

energy. For an optimal oxygen vacancy formation exhibited by La0.5Sr0.5CoO3, both the 

CH3OH adsorption (Fig. 1B, ΔG = -0.98 eV) and H2O desorption-oxygen vacancy filling 

(Step 4 in Fig. 4D, ΔG = -0.91 eV) are facile for the oxygen vacancy pathway, and a not too 

high thermodynamic barrier for B-CO2-Ooxide removal is observed (Step 4’ in Fig. 5D, ΔG = 

+0.50 eV), thus preventing poisoning of the active surface oxygen sites. Such a reaction 

mechanism is in contrast to previous reaction mechanisms for selective HCHO formation 

proposed on metal sites71,72,73,74 and is in agreement with previous studies indicating the 

importance of oxygen vacancies75,15 for selective HCHO formation. Our proposed 

mechanism is further supported by the AP-XPS measurements, which show that the intensity 

of the peak corresponding to CH3OH adsorption on oxygen vacancy sites as CH3O-Ovac is the 

highest for La0.6Sr0.4CoO3, beyond which the presence of surface adsorbed carbonates 
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increases at the expense of these species, suggesting the dominance of the surface-poisoning 

carbonate pathway. The initial increase HCHO selectivity upon Sr substitution of LaCoO3 to 

~La0.8Sr0.2CoO3 and La0.6Sr0.4CoO3 originates from the enhancement of the initial CH3OH 

adsorption on the perovskite surface to enhance kinetics, as shown experimentally in the AP-

XPS (Fig. 3B, orange, CH3O-Ovac) and DFT (Fig. 4D). Yet, further increasing of Sr 

substitution, manifesting as an increase in O 2p-band center and increased surface oxygen 

activity, results in the predominance of the carbonate-mediated mechanism, where B-CO2-

Ooxide desorption limits CH3OH oxidation kinetics, similarly supported by AP-XPS (Fig. 3C) 

and the DFT calculations (Fig. 5D). In this manner, the surface electronic structure 

parameter, O 2p-band center, serves as a useful descriptor for CH3OH oxidation and 

selectivity kinetics across different perovskite oxide chemistries. 

 

5.5 Conclusions 
 

In this study, we undertook AP-XPS, reactor activity measurements, and DFT studies to 

identify the critical role of surface oxygen activity for cobalt-based perovskite oxides in 

dictating CH3OH surface energetics and the kinetics of CH3OH selective oxidation to HCHO 

and complete oxidation to CO2. By developing well-defined materials systems of (100)-

oriented epitaxial perovskite thin films for AP-XPS studies under catalytically-relevant 

pressures of CH3OH and O2, we were able to systematically elucidate trends in surface 

speciation of carbonaceous reaction intermediates as a function of O 2p-band center for the 

of La1-xSrxCoO3 series. We have established a relation between metal oxide chemistry, 

methoxy reaction intermediate surface reactivity, and product selectivity using such a 

combined approach. This study provides a critical link and scientific understanding for 

attempts to discover new catalyst materials through material property-activity relationships 

for the small carbon molecule reaction network. We identify that chemistries with 

intermediate surface O 2p-band center that exhibit the highest intrinsic CH3OH conversion 

for selective generation of HCHO at lower temperatures compared to the commercial 

catalysts, where the surface O 2p-band relative to the Fermi level is neither too low (so as to 

limit the adsorption of CH3OH species) nor too high (limit oxygen vacancy refilling and 

water desorption energy from surface oxygen sites, triggering carbonate poisoning). 
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Furthermore, we find that highly covalent oxides, with O 2p-band centers close to the Fermi 

level are well suited for carbonate storage. These insights provide guiding principles for the 

selection of next-generation materials chemistries for catalytically complex small molecule 

conversion, where multiple catalytic processes have to be tuned. 

 

5.6 Experimental and Computational Methods 
 

Thin Film Fabrication and Characterization 

 

Epitaxial (001)-oriented thin films of the LaxSr1-xCoO3 (x = 0, 0.2, 0.4 and 0.6) were 

prepared using pulsed laser deposition as previously described.27 Briefly, targets synthesized 

using solid-state reaction were deposited using KrF excimer laser (λ = 248 nm). Film surface 

was characterized by atomic force microscopy (AFM, Bruker Dimension Icon) and high-

resolution x-ray diffraction (HRXRD, Panalytical).27  

 

Ambient Pressure XPS 

 

Beamline 9.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory was 

used for conducting the AP-XPS measurements. To account for effects of surface charging 

during the AP-XPS measurements, the binding energy (BE) axis in all XPS spectra is 

adjusted to the known BE position of the lattice oxygen peak at 530 eV for the O 1s spectra 

and adventious carbon at 284.8 eV for the C 1s peak. As the pristine sample surface 

contained several oxo-carbonaceous species, these were removed from the surface by heating 

the sample to 300 °C under 100 mTorr O2.  

 

To monitor the surface chemistry and reaction intermediate formation under CH3OH 

conversion conditions, the sample was cooled to room temperature post the cleaning 

procedure followed by introduction of 100 mTorr of CH3OH and 20 mTorr of O2. Isobar 

measurements were conducted from room temperature (~25 °C) to 300 °C, where C 1s, and 

O 1s spectra were measured every 25 °C and the metal core level spectra were measured 

periodically. The O 1s, Co 3p, and Sr 3d core level spectra were measured with incident 
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photon energy of 735 eV while C 1s was measured using 490 eV.  

 

Analysis of the XPS spectra was performed by the software package CasaXPS to quantify the 

photoemission peak areas and positions.  All spectra were fit using Gaussian-Lorentzian 

peaks after a Shirley-type background subtraction. The range of full-width half maximums 

and binding energy values of the peaks were constrained to 0.3 eV and 0.2 eV, respectively. 

These peak fitting parameters are summarized in Table A.4.2. The binding peak assignments 

of C 1s are in agreement with previous experimental and computational work on metal oxide 

surfaces (Fig. A.4.6). The effect of bulk or near surface reduction in influencing the surface 

reactivity could be ruled out based on the unchanged Co 3d spectra (Fig. A.4.15).  

 

CH3OH Oxidation Activity Measurements 

Powder catalysts of LaxSr1-xCoO3 (x = 0, 0.2, 0.4, and 0.6) were prepared by solid-state route 

as described previously until phase pure is obtained. X-Ray Diffraction (XRD) and 

Brunauer-Emmett-Teller (BET) surface area of synthesized powders is available from our 

previous work.27 750 mg of the powder catalyst was mixed with oven-dried SiO2 sand (2.5 g) 

and loaded into a quartz tube (3.81 mm inner diameter). A total flow rate of 150 ml min-1 was 

used for all the plug flow reactor experiments and the flow rate of individual gases, CH3OH 

(150 ppm in balance N2), O2 (100 ppm-25% by volume in balance N2), and pure N2, was 

controlled using dedicated mass flow controllers. The gas composition was analyzed using a 

PIKE FTIR gas cell attached to a Bruker Vertex 70 FT-IR spectrophotometer. 32 scans were 

collected at a resolution of 4 cm-1 every 12.5 min. A background spectrum was collected 

under a pure stream of N2. Prior to flowing the reaction gas mixture, the catalyst was purged 

with pre-treated in pure O2 at 450 °C for 5 hours to remove any carbonaceous species. For 

the CH3OH oxidation measurements, inlet reaction gas mixture of 70 ppm of CH3OH with 20 

ppm - 8% of O2 by volume, and N2 balance was used for all the experiments. The percentage 

conversion of CH3OH oxidation to HCHO and CO2 was calculated by determining the 

percentage of outlet HCHO, CO2 reacted during the reaction, which can be calculated by the 

formula,  

 

% Conversion (CH3OH)  = 100*(HCHOppm, out +CO2ppm, out)/(CH3OHppm, in), 
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% Conversion (CO2)  = 100*(CO2ppm, out/CH3OHppm, in), 

% Conversion (HCHO)   = 100*(HCHOppm, out/CH3OHppm, in), 

% Selectivity (HCHO)  = 100*(HCHOppm, out)/(HCHOppm, out +CO2ppm, out), 

% Selectivity (CO2) = 100*(CO2ppm, out)/(HCHOppm, out +CO2ppm, out), 

Where CH3OHppm, in was the concentration of the initial CH3OH reactant, CO2ppm, out and 

HCHOppm, out was the concentration of CO2 and HCHO observed after reaction with the 

catalyst.  

 

 %Conversion of less than 12.5% was used to calculate specific area normalized reaction 

rates and turnover frequencies (TOF).  

𝑟!"#$%&'"( =
%!"#$%&'("#

!"" .  !!"!!" .  !"!!.  !"!!

!!.  !".  !!"#.  !! 
 = (    !".  !"#!!

 !.  !!"!!.   ! .  !!!. !!! 
) 

Where rCH3OH is the inlet volumetric flow rate of CH3OH of the gas stream (150 mL min-1), 

Vm is the molar volume assuming ideal gas behavior, As is the BET surface area27, and mcat is 

catalyst loading (750 mg).  Finally, the TOF are reported using the formula,  

𝑇𝑂𝐹 = !!.  !! 
 !"!""

 = (     !"#!!. !"#!!

    !!! .  !!!.  !!! 
) 

With Na being the Avogadro’s numbers, and PD100 planar density of the surface oxygen 

atoms on 100 BO2-type termination of the pseudo-cubic perovskite catalysts as obtained from 

DFT (PD100 = 1.34*1019 Ooxide/m2 

 

Density Functional Theory Calculations 

Density functional theory (DFT) calculations were performed with the Vienna Ab-initio 

Simulation Package (VASP)76,77 using the Projector-Augmented plane-wave method with the 

Perdew-Burke-Ernzerhof (PBE) Generalized Gradient Approximation (GGA) plus Hubbard 

U method to treat the exchange-correlation interactions,78,79 where the U value was optimized 

by fitting the formation enthalpies of oxides (Ueff = 3.3 eV for Co).80,81 Fully relaxed bulk 

perovskite calculations of LaxSr1-xCoO3 (x = 0.00, 0.25, 0.50, 0.75, and 1.00) were performed 

with 2×2×2 perovskite supercells and a ferromagnetic state is assumed to have a consistent 

set of magnetic structures.80,82 We considered a (001)-BO2 terminated slab model, where the 

CoO2-terminated surface was described by a seven-layer symmetric slab constructed from 

the 2 × 2 × 2 pseudocubic perovskite cell, as previous first-principles thermodynamics 
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studies showed that the (001) CoO2 and LaO terminations are most preferred at high 

temperature under oxidizing conditions. 41 The slabs were separated by a vacuum space of at 

least 10 Å and a (2 × 2 × 1) k-point sampling was used for the slab models. After performing 

an internal relaxation of coordinates for the clean slab, the bottom two layers were then kept 

fixed. The reaction intermediates were adsorbed on one side of the slab. The surface O 2p-

band was determined by taking the centroid of the projected density of states of O 2p states 

(both occupied and unoccupied) relative to the Fermi level of surface oxygen atoms. 

Thermodynamic tables83 were used for conversion of calculated DFT adsorption energy to 

Gibbs free energy for gas phase species, while the zero point energy and vibrational entropy 

contributions of adsorbed species were estimated from vibrational analysis.67  
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6.1 Introduction 
 
Alkanes such as methane, ethane, and propane constitute a major component of natural gas and 

are routinely converted to value-added products in the chemical industry. Specifically, in the 

petrochemical industry, propylene generated from propane is used in the synthesis of 

polypropylene, acrylonitrile, acrylic acid, cumene, and propylene oxide.1 Typically, platinum-

based catalysts have been used for the commercial production of propylene and hydrogen via 

dehydrogenation (DH) of propane.2 However, widespread usage of this method is limited due to 

the endothermic nature of the reaction requiring high operating temperature. More recently, 

catalytic oxidative dehydrogenation (ODH) of propane to propene has become more popular due 

to the lower operating temperature and the exothermic nature of the reaction.1 Vanadium and 

molybdenum-based catalysts have been studied for propane ODH reaction to understand the role 

of size of the catalyst cluster,3 nature of support and alkali metal additions.4 Further, in situ 

DRIFTS measurements have revealed the formation of oxygenated reaction intermediates5 but 

structure-activity relationships via the understanding of the reaction mechanism have been 

limited.6  

 

Perovskites (ABO3) with tuneable physio-chemical properties, have been extensively investigated 

to develop structure-activity relationships through an understanding of the reaction mechanism.  

For example, electronic structure parameters such as eg occupancy,7 d electron count,8 charge-

transfer energy,9 and O 2p-band centre10 have been shown to correlated with catalytic activity 

metrics. More recently, the O 2p-band centre descriptor has been used to not only describe 

relevant material properties such as oxygen vacancy formation energy,11 surface basicity,12 

oxygen diffusion coefficients,13 and work function but adsorption energies of important reaction 

intermediates such as O, OH, CO2. These results suggest that the O 2p-band descriptor based 

approach can be used to describe selective oxidation kinetics.  

 

In this study, we show the role of surface oxygen sites in catalyzing the C3H8 oxidation to C3H6 

with oxides having higher surface oxygen activity for ABO3 perovskites demonstrating higher 

propene formation rate. We employ tunable surface electronic structure of ABO3-type perovskites 

to control surface oxygen vacancy formation energy, where TM substitution from Cr to Ni shifts 

the O 2p states closer to the Fermi level. Our DFT results show that C3H8 adsorbs more strongly 
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via C-H bond scission on the oxygen sites, where binding strength is dependent on the surface 

electronic structure of perovskites, specifically the O 2p-band center relative to the Fermi level. 

We further show that the adsorption energy of reaction intermediates trends with the O 2p-band 

center descriptor, and the rate-limiting step changes from dehydrogenation of C3H7 to desorption 

of H2O and O2 adsorption on the surface oxygen sites. Oxides with higher surface O 2p-band 

center such as Bi-SrCoO3 and La0.6Sr0.4CoO3 were shown to have the highest C3H6 formation 

rate.   

 

 
6.2 Trends in adsorption energetics of reaction intermediates for C3H8 ODH 

reaction 

We propose a reaction scheme for propane ODH to propene on oxide catalyst in based on 

previously described MvK-type reaction mechanisms on oxide catalysts, (Fig. 1A), occurring on 

the surface oxygen site via terminal C-H bond scission of C3H8 to form C3H7-Ooxide (Step 1), 

followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide (Step 2), desorption of C3H6-Ooxide as 

C3H6 (Step 3) and finally, oxygen re-fadsorption leading to H2O desorption to complete the 

reaction cycle (Step 4). First, we first show that C3H8 can dissociatively adsorb either via 

terminal (Fig. A.5.1A) or allylic C-H (Fig. A.5.1B) bond scission on the surface oxygen sites of 

both AO-(100) and BO2-(100) termination of ABO3–type perovskites. For both the reaction 

configurations (Fig. 1A and Fig. A.5.2A), transition metal substitution on the B-site was found to 

greatly increase the dissociative adsorption energetics of C3H8 (BO2+ C3H8 → B-C3H7-Ooxide + H-

Ooxide) on the surface oxygen of perovskites, which was correlated with moving the Fermi level 

closer to the surface O 2p-band center (red, Fig. 1B and light red, Fig. A.5.2B). Moreover, the 

dissociative adsorption energetics via terminal and allylic C-H bond dissociation were found to 

be comparable suggesting that both reaction pathways can simultaneously occur. The trend of 

more favorable C3H8 dehydrogenation energy with O 2p-band center moving closer to the Fermi 

level also follows the trend of increasing hydrogen adsorption energy with the O 2p-band center 

moving closer to the Fermi level (blue, Fig. A.5.3A), and is consistent with previous adsorption 

trends on perovskite and layered oxides. Second, the dehydrogenation energy of B-C3H7-Ooxide to 

form B-C3H6-Ooxide (B-C3H7-Ooxide + H-Ooxide → B-C3H6-Ooxide + 2H-Ooxide) also correlated with 
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moving the Fermi level closer to the surface O 2p-band center (green in Fig. 1C, light green in 

Fig. A.5.2C) while being more favorable for the BO2-terminated perovskite surfaces compared to 

the AO-terminated surfaces. Also, a similar trend was observed for the direct dehydrogenation of 

C3H8 via 2 C-H terminal (Fig. A.5.3B) or allylic bond scissions (BO2+ C3H8  → B-C3H6-Ooxide + 

2H-Ooxide) to from B-C3H6-Ooxide. Third, desorption of C3H6 from B-C3H6-Ooxide (B-C3H6-Ooxide + 

2H-Ooxide → BO2oxide + C3H6 + 2H-Ooxide) showed a weaker trend as a function of the O 2p-band 

center propene desorption becoming less favorable with moving the Fermi level closer to the 

surface O 2p-band center (blue in Fig. 1D and light blue in Fig. A.5.2D). Fourth, we considered 

the recovery of the stoichiometric surface via conversion of adsorbed hydroxyls (2H-Ooxide) to 

H2O after oxygen adsorption (2H-Ooxide + 0.5O2 → BO2 + H2O), and the reaction energetics 

become less favorable as the O 2p-band center moves closer to the Fermi level (orange in Fig. 1E 

and light orange in Fig. A.5.2E). We also considered a two-step pathway for the removal of 

surface hydroxyl via oxygen vacancy formation (Fig. A.5.4A). Herein, a clear trend was not 

observed for H2O desorption (2H-Ooxide → Ovac + H2O, Fig. A.5.3B), while oxygen vacancy re-

filling energy was found to decrease (Fig. A.5.3C) as a function of the O 2p-band relative to the 

Fermi level. As the trends in the adsorption energies are dictated by the position of the surface O-

2p band center relative to the Fermi level, we next considered the co-adsorption of water to 

understand the adsorption energy trends under wet reaction conditions.   
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Figure 1: Reaction mechanism for selective propene generation under dry conditions. A) 
Proposed reaction mechanism for C3H8 selective oxidation to C3H6 occurring on the surface 
oxygen site via terminal C-H bond scission of C3H8 to form C3H7-Ooxide and Ooxide-H (Step 1), 
followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H (Step 2), desorption of 
C3H6-Ooxide as C3H6 (Step 3), oxygen re-adsorption leading to H2O desorption to complete the 
reaction cycle (Step 4), B) Correlation between first dehydrogenation adsorption energy of C3H8 
on the surface oxygen surface site (C3H7-Ooxide, red), C) dehydrogenation adsorption energy of 
C3H8 on the surface oxygen surface site (C3H6-Ooxide, green), D) C3H6 desorption energy from 
the C3H6-Ooxide adsorbed on surface oxygen sites (blue), E) oxygen adsorption and H2O 
desorption energy from the 2H-Ooxide adsorbed on surface oxygen sites (orange), as a function of 
the surface O 2p-band center relative to the Fermi level for ABO3 perovskites. Data points were 
obtained from the AO and BO2-terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, 
Fe, and Ni), calculated by DFT with the binding configurations C3H8 on the surface oxygen sites 
with reference to C3H8 and O2 in the gas phase (T = 300 °C)  
 
 

Next, we considered the reaction mechanism for selective propene formation under wet 

conditions (Fig. 2A). Herein, H2O dissociatively adsorbs on the surface oxygen and metal sites 

(Step 1), followed up C3H8 adsorption to form C3H7-Ooxide and Ooxide-H in the presence of 

dissociated water (Step 2), dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H (Step 3), 
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desorption of C3H6-Ooxide as C3H6 (Step 4), and oxygen adsorption to form H2O (Step 5) to 

complete the reaction cycle. We did not consider molecular adsorption of H2O as previous in situ 

AP-XPS showed higher coverage of OH species during propane oxidation on LaMnO3. First, 

dissociation energy of H2O (BO2 +H2O → B-OH + H-Ooxide) and hydroxyl formation energy 

(computed using ΔG(H2O)- ΔG(H)) was found to have decreasing adsorption energy as a 

function of the O 2p-band center relative to the Fermi level (Fig. 2B) consistent with previous 

trends on ABO3 perovskites. Second, C3H8 dissociatively adsorbs on the surface oxygen site via 

terminal C-H bond scission adjacent to the dissociated water sites (red, Fig. 2A) and a trend of 

increasing adsorption energy with the surface O 2p-band center moving closer to the Fermi level 

similar to the trend seen in the absence of H2O (red, Fig. 1B). Herein too, the adsorption energy 

was also found to correlate with the adsorption of hydrogen in the presence of dissociated water 

(Fig. A.5.3A). The adsorption energy for C3H8 in the presence of the dissociated H2O was found 

to be similar to the adsorption energy without dissociated water. Interestingly, the dissociative 

co-adsorption of C3H8 and H2O (BO2+ C3H8 +H2O → B-C3H7-Ooxide + OH-B + 2H-Ooxide) was 

found to be more favorable compared to the dissociative adsorption of C3H8 without H2O. (Fig. 

A.5.5) Third, dehydrogenation energy of C3H7-Ooxide to form C3H6-Ooxide and H-Ooxide, was 

found to increase with increasing O 2p-band center closer to the Fermi level (blue, Fig. 2D). 

Next, the desorption of C3H6 showed a weaker trend as a function of the O 2p-band center 

propene desorption becoming less favorable with moving the Fermi level closer to the surface O 

2p-band center (blue, Fig. 2E). Finally, we considered the recovery of the stoichiometric surface 

via conversion of adsorbed hydroxyls (OH-B and 3H-Ooxide) to 2H2O after oxygen adsorption 

(2H-Ooxide + OH-B + O2 → BO2 + 2H2O), and the reaction energetics become less favorable as 

the O 2p-band center moves closer to the Fermi level (orange, Fig. 2F). We also considered a 

two-step pathway for the removal of surface hydroxyl via oxygen vacancy formation (Fig. 

A.5.6A) Herein, H2O desorption (2H-Ooxide → Ovac + H2O, Fig. A.5.6B), while oxygen vacancy 

re-filling energy in the presence of dissociated water (OH-B +H-Ooxide + Ovac → BO2), was found 

to decrease (Fig. A.5.6C) as a function of the O 2p-band relative to the Fermi level (Fig. A.5.6C). 

Therefore, Gibbs free energy of adsorption of C3H8, formation of C3H6, H2O, and adsorption of 

O2 are dictated by the position of the O 2p-band center relative to the Fermi level for the dry and 

wet reaction condition. Next, we investigated the trends in reaction kinetics for C3H8 to C3H6 and 

CO2 conversion for ABO3-type perovskites for using plug flow reactor measurements.   
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Figure 2: Reaction mechanism for selective propene generation under wet conditions A) 
Proposed reaction mechanism for C3H8 selective oxidation to C3H6 occurring on the oxygen sites 
via terminal C-H bond scission with dissociative H2O adsorption (Step 1), followed up C3H8 
adsorption to form C3H7-Ooxide and Ooxide-H in the presence of dissociated water (Step 2), 
followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H (Step 3) and desorption 
of C3H6-Ooxide as C3H6 (Step 4). Following desorption of C3H6, oxygen adsorption occurs to H2O 
desorption to complete the reaction cycle (Step 5), Correlation between B) H2O dissociation 
(purple) and OH (grey) formation energy, C) first dehydrogenation adsorption energy of C3H8 
on the oxygen surface site (C3H7-Ooxide, red), D) second dehydrogenation adsorption energy of 
C3H8 on the surface oxygen site (C3H6-Ooxide, green), E) C3H6 desorption energy from the C3H6-
Ooxide surface oxygen sites (blue), F) oxygen adsorption and H2O desorption energy from the 
Ooxide-H surface sites (orange), as a function of the surface O 2p-band center relative to the 
Fermi level. Data points were obtained from the AO and BO2-terminated (100) surface of ABO3 
(A = La, Sm; B = Cr, Co, Mn, Fe, Ni) with respect to the AO and BO2 surface and C3H8 and O2 
in the gas phase (T = 300 °C)  
 

6.3 Role of surface oxygen activity for conversion of C3H8 to C3H6 and CO2 
We next examined the catalytic activity of C3H8 conversion to C3H6 and CO2 under both dry (5 

C3H8/10O2/85N2) and wet (5C3H8/10O2/4H2O/85N2) reaction conditions on ABO3 perovskite 

powder (A = La, Sm; B = Cr, Co, Mn, Fe, Ni). First, we note that under dry conditions, C3H6 and 

CO2 formation rates were seen to correlate with C3H8 consumption rate (Fig. 3A) suggesting that 
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similar reaction sites are responsible for C3H6 and CO2 formation. Moreover, the same trend was 

seen for the reaction rates under wet conditions (Fig. 3A) although all the reaction rates were 

found to be lower under wet conditions when compared to the dry conditions which can be 

attributed to the site poisoning due to stronger adsorption energetics in the co-adsorbed case (Fig. 

A.5.5). Next, we observed that C3H6 (Fig. 3C) and CO2 (Fig. 3D) formation rate increased with 

the O 2p-band center with a range of three orders of magnitude. The trend was much stronger for 

the propene generation compared to the CO2 generation and propane consumption rates.  Based 

on this observation, we predict that oxides with surface O 2p-band closer to the Fermi level to 

have higher C3H6 formation rate. We verified this prediction by showing that Bi-SrCoO3 and 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) have relatively higher C3H6 formation rate (Fig. 3C) 

Interestingly, similar trends of increasing reaction rates was observed with C3H8 

dehydrogenation energy (Fig. A.5.7), charge transfer energy (Fig. A.5.8), oxygen vacancy re-

filling energy  (Fig. A.5.9), while a M-type trend was observed with the number of TM d 

electrons. (Fig. A.5.10)  

                          

Figure 3: Reaction kinetics for C3H8 conversion to C3H6 and CO2. A) Surface-area normalized 
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C3H6 and CO2 formation rate (mol m2 s-1) shown as a function of C3H8 consumption rate under 
wet (unfilled) and dry (filled) reaction conditions for ABO3 perovskites series conducted in a 
flow reactor, B) Surface-area normalized C3H8 consumption rate (mol m2 s-1), C) Surface-area 
normalized C3H6 formation rate (mol m2 s-1), D) Surface-area normalized CO2 formation rate 
(mol m2 s-1) under wet (unfilled) and dry (filled) reaction conditions as function of the surface O 
2p-band center, where the activity metric was chosen at T = 280 °C, obtained from the 
Arrhenius type fitting. Gas concentration of 5%C3H8-10%O2 was used for the dry measurements 
while of 5%C3H8-10%O2-H2O was used for the wet measurements. 
 

6.4 Reaction mechanism for propane ODH to propene  

We rationalize the trend of increasing C3H6 formation rate with the O 2p-band center descriptor 

by understanding the reaction energetics for each of the reaction steps of the catalytic cycle in 

Fig. 4A. We observe that the reaction is likely to be limited by the dehydrogenation of C3H7 to 

form C3H6 and OH for all the oxide composition with surface oxygen 2p-band center less than -

1.7 eV while for the oxides with surface O 2p-band center greater than -1.7 eV the reaction is 

likely to be limited by the re-generation of the stoichiometric surface via oxygen re-adsorption 

and water desorption. Hence, a linear trend or a weak volcano trend centered at ~1.7 eV is 

expected for the reaction rate as a function of the surface O 2p-band center. Further support 

come from the estimated activation energy which showed a decreasing energy with the O 2p-

band center (Fig. 4B) for both the wet and dry reaction conditions consistent with the increase in 

reaction rate with the O 2p-band center moving closer to the Fermi level.  

 

Figure 4: Propane ODH reaction kinetics. A) Relative Gibbs free energy trends for C3H6 
formation from C3H8 and B) activation energy trends for C3H8 conversion to C3H6 and CO2 as  a 
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function of the surface O 2p-band under wet (unfilled) and dry (filled) reaction conditions for 
ABO3 perovskites (A = La, Sm; B = Cr, Co, Mn, Fe, Ni) series conducted in a flow reactor. Gas 
concentration of 5%C3H8-10%O2 was used for the dry measurements while of 5%C3H8-10%O2-
H2O was used for the wet measurements. 
 
 
6.5 Conclusions 
 
In this study, we undertook reactor activity measurements, and DFT studies to identify the 

critical role of surface oxygen vacancies for ABO3 perovskite oxides in dictating C3H8 surface 

energetics and the kinetics of C3H8 selective oxidation to C3H6 and complete oxidation to CO2. 

This study provides a critical link and scientific understanding for attempts to discover new 

catalyst materials through material property-activity relationships for the small carbon molecule 

reaction network. We identify that chemistries with high metal-oxygen covalency exhibit highest 

intrinsic C3H8 conversion for selective generation of C3H8 at lower temperatures compared to the 

commercial catalysts, where the surface O 2p-band relative to the Fermi level is neither too low 

(so as to limit the adsorption of C3H6 nor too high (limit oxygen vacancy refilling and water 

desorption energy from surface oxygen sites). These insights provide guiding principles for the 

selection of next-generation materials chemistries for catalytically complex small molecule 

conversion, where multiple catalytic processes have to be tuned. 

 

6.7 Computational methods 

Density functional theory (DFT) calculations were performed with the Vienna Ab-initio 

Simulation Package (VASP) using the Projector-Augmented plane-wave method with the 

Perdew-Burke-Ernzerhof Generalized Gradient Approximation (GGA) plus Hubbard U method 

to treat the exchange–correlation interactions, where the U value was optimized by fitting the 

formation enthalpies of oxides (Ueff = 3.3 eV for Co). Fully relaxed bulk perovskite calculations 

of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, Ni) were performed with 2 × 2 × 2 perovskite 

supercells and a ferromagnetic state is assumed to have a consistent set of magnetic structures. 

We considered both (001)-AO and BO2-terminated slab model, where the AO, BO2-terminated 

surface was described by a seven-layer symmetric slab constructed from the 2 × 2 × 2 

pseudocubic perovskite cell. The slabs were separated by a vacuum space of at least 10 Å and a 

(2 × 2 × 1) k-point sampling was used for the slab models. After performing an internal 

relaxation of coordinates for the clean slab, the bottom two layers were then kept fixed. The 
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reaction intermediates where adsorbed on one side of the slab. The surface O 2p-band was 

determined by taking the centroid of the projected density of states of O 2p states (both occupied 

and unoccupied) relative to the Fermi level of surface oxygen atoms. Thermodynamic tables 

were used for conversion of calculated DFT adsorption energies to Gibbs free energies for gas 

phase species, while the zero point energies and vibrational entropy contributions of adsorbed 

species were estimated from vibrational analysis. The Bader charge decomposition scheme was 

used to estimate the charges of adsorbed species.  
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7.1 Summary  
 

This thesis explored the reactivity of C-H bond containing small molecules on oxide catalysts   to 

study trends in overall activity and product selectivity. The theme for the thesis was to identify 

trends in adsorption energies of reaction intermediates to maximize activity as well as selectivity 

towards the desired product. We have identified reaction conditions for HCHO and CH4 

oxidation to maximize oxidation kinetics as well as predict more active catalysts for selective 

CH3OH and C3H8 oxidation.  

 

In chapter 2, we investigated the reaction mechanism for HCHO conversion to CO2 under 

practical operating conditions for a commercial manganese oxide catalyst. We showed that the 

lifetime of the catalyst was prolonged under relative humidity (1.87%) and low HCHO 

concentration (0.5 ppm) reaction conditions. Using DRIFTS and DFT, we identified the reaction 

mechanism for HCHO conversion to CO2 to proceed via carbonate, bidentate formate, and 

monodentate formate (direct) reaction pathways. However, there is an unanswered avenue which 

we have not comprehensively investigated is the catalyst deactivation after prolonged use due to 

the buildup of surface hydroxyl and inability to re-fill oxygen vacancies at room temperature. 

Hence, it is not surprising that typical industrial catalysts employ precious metal catalysts where 

oxygen activation is much facile at lower temperatures compared to transition metal oxides. 

There is need to explore catalysts with more favorable oxygen dissociation energies while also 

having strong C-H dehydrogenation energy as both these factors are competing.                                                                                                                                                                                                                        

 

In chapter 3, we used our learning about the reaction mechanism for HCHO oxidation from 

Chapter 2 to investigate a library of manganese oxides to optimize HCHO oxidation rates. 

Herein, we identified manganese formal valence and water content as activity descriptors for 

HCHO reaction by showing the reaction rate varied over 3 orders of magnitude. We also showed 

how the activity enhancement in due to the presence of surface hydroxyls by studying the 

reaction intermediates using DRIFTS. An interesting aspect that we have not comprehensively 

investigated is the role of water in the gas steam in alerting the reaction kinetics as we had 

studied in Chapter 2.                                                                             
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In chapter 4, we investigated the dehydrogenation the stronger C-H bond of methane to lower the 

temperature for methane oxidation to CO2 as well as the selective methanol oxidation using 

iridium oxide catalysts. Herein, we were able to identify the CUS species of IrO2 as the active 

surfaces species for low temperature oxidation of both HCHO and CH3OH using AP-XPS and 

DFT. We further leveraged this conclusion to achieve room temperature CH4 oxidation to CO2 as 

well as increase the selectivity towards methyl formate during CH3OH oxidation using catalyst 

with higher CUS species. An interesting extension of this research would be the investigation of 

room temperature selective CH4 oxidation to CH3OH instead of CO2 by lowering the catalytic 

activity using iridium oxide clusters or a composite of iridium oxide and a lesser active catalyst.    

  

In chapter 5, we improve upon the descriptor approach for selective CH3OH oxidation developed 

in chapter 4 by developing a robust descriptor approach using a larger family of inexpensive 

perovskite catalysts. Here, using a combined AP-XPS, DFT, and reactor studies we showed that 

catalysts with intermediate O 2p-band center relative to the Fermi level showed the highest 

selectivity towards HCHO. We identified methoxy species adsorbed on surface oxygen vacancy 

sites as the active reaction intermediate whose coverage correlated with the HCHO selectivity 

and developed a DFT-micro-kinetic model to explain the trends in reactivity rates as a function 

of both catalyst composition and oxygen partial pressure. While our study is a big step towards a 

descriptor approach to describe product selectivity, there is a need to increase the throughput of 

such a combined experimental-computational effort.  

 

Finally, in chapter 6, we extend the O 2p-band descriptor approach that we developed for 

selective C3H8 oxidative dehydrogenation to C3H6 on ABO3-type perovskites. Herein, using a 

larger library of perovskite catalysts we showed that the C3H8 consumption rates as well as C3H6 

generation rates correlated linearly with the surface O 2p-band center. 

 
In summary, we have shown that a descriptor-based approach can be used to selectively tune 

HCHO complete oxidation rates (Chapter 3), product selectivity  (Chapter 4) as well as selective 

formate rate for HCHO (Chapter 5) and C3H6 (Chapter 6). First, in the context of HCHO 

oxidation, we showed that manganese oxide could be used for room temperature HCHO 

oxidation after extensive optimization of reaction conditions. This offers a chance to replace 
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current expensive noble metal catalysts for HCHO oxidation reactions while also opening up 

opportunities for air purification applications such as acetaldehyde and acetone oxidation. 

Second, for the selective oxidation reactions using perovskites, we find that perovskites are 

active at lower temperatures compared to the traditionally used catalysts in the chemical 

industry. The results here for CH3OH and C3H8 selective oxidation along with previously studies 

for NOx elimination show that perovskites are exciting prospects to replace the more expensive 

catalysts in the chemical industry.  However, we do note that CO2 formation rate also correlated 

with the formation rate of the selective reaction product for both CH3OH and C3H8 selective 

oxidation reactions.  This result suggested that the active reaction site(s) for selective formation 

of HCHO or C3H6 could also be responsible for the undesirable complete oxidation reaction to 

CO2. Hence, there is a need to further investigate methods to decouple the two reaction 

mechanisms to promote selective oxidation. Approaches to break the scaling relationships 

between reaction steps is an active area of research in heterogeneous catalysis,1 the O 2p-(ligand) 

band center, especially when defined by the local site geometry,2,3 can also be used as a design 

criteria to further optimize the selective oxidation mechanism. However, this additional fine-

tuning of the local structure would increase the overall computational or experimental cost. 

Therefore, there is a trade-off between screening for potential catalysts using simple descriptors 

such as the bulk or surface O 2p-band center and an in-depth investigation of the local surface 

structure. While the first approach was used in this thesis, there is a lot of scope to further 

engineer the local surface structure via surface decoration, site-blocking methods. Next, we 

discuss the improvements that can be made for the O 2p-band center descriptor approach. 

 

7.2 Perspective for descriptor-based approaches 
The O 2p-band center provides a proxy measurement of the overall M-O bond strength of the 

oxide material, the nature of the M-O bonding (e.g. degree of hybridization), and the position of 

band levels relevant for materials redox. We hypothesize that the results summarized in this 

work suggest could be generalized to other anions as a more widely applicable “anion p-band 

center”. The anion p-band center of either a bulk, surface, or adsorbate might play a parallel role 

to the oxygen 2p-band center, correlating with defect, migration, adsorption, redox and work 

function energies, and overall catalytic processes. If such a generalization is successful, the anion 

p-band center could be used to understand trends of material properties and functions not only in 
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different oxide structural families but also for different materials chemistries beyond oxides, for 

example fluorides, sulfides, phosphides, and more. We expect the use of the anion p-band center 

to find relevance in numerous materials design applications and to provide new insights relating 

trends in materials properties and functions to the underlying materials chemistry outside of 

oxides and oxygen adsorbates. 

The use of descriptors such as the O 2p-band center provides a powerful method for the 

accelerated discovery and design of new catalyst materials. Given these correlations, high-

throughput density functional theory calculation studies can be conducted, and the predicted 

quantities of interest can be obtained from calculation of the O 2p-band center for each screened 

material.4 This would be similar to the approach we attempted in Chapter 6 but with a bigger 

database. The correlations developed would also enable improved understanding of materials 

trends, which, coupled with domain-specific knowledge, can be used to guide new efforts by 

proposing sensible composition or structure spaces to focus a materials search, or provide 

rational strategies toward targeted design spaces of interest.  

The acceleration of such materials discovery and design efforts are enabled by the fact that the O 

2p-band center can be obtained from a single bulk DFT calculation,5 typically requiring less than 

one day of combined human and computer time per system. This time scale of obtaining at least 

a qualitative sense of whether a material is of interest for a particular application is likely 1-3 

orders of magnitude faster than explicitly synthesizing the material, confirming its structure and 

composition, and then measuring the quantity of interest. Given the increased prevalence of large 

materials databases of computed data, together with rapidly increased adoption of machine 

learning methods in materials science, there is an opportunity to further develop the descriptor-

based approach of catalyst discovery and design with the aid of modern data science and 

machine learning techniques. 

In addition, from a materials discovery perspective, we have repeatedly seen in this thesis that a 

fundamental understanding of the reaction mechanism using in situ techniques needs to be 

combined with DFT methods to predict new materials with improved activity and selectivity. 

However, we also have seen that reaction conditions also need to be simultaneously optimized, 

thus adding more complexity to the materials discovery process. Such an intuition-driven method 
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of materials discovery provides in-depth insights of the reaction mechanism but is inherently 

slow due to the lack of automation. (Figure 7.1) Fortunately, many data-driven approaches have 

been used to develop better descriptors and utilize these design principles to enable more 

efficient materials screening. Herein, multi-dimensional descriptors can be developed to increase 

the prediction accuracy. Numerous funnel-like screening pipelines have been developed using 

high throughput virtual screening (HTVS) and high throughput experimental (HTE) to narrow 

down and test out material candidates based on existing descriptors. While the screening 

efficiency of this type of brute-force approach is still constrained by the throughput of HTVS, 

there is also the challenge of transferability across different material systems. 

Furthermore, the search space in high-throughput studies can be extended beyond a single pre-

defined, limited candidate space to several new strategies. For example, functionality-driven 

inverse design is an alternative approach aimed at taking desired properties as inputs to 

identify the best material compounds. Ideally, only a small fraction of chemistries would need 

to be sampled because optimization methods would actively learn the structure-property 

landscape and researchers to the optimal solution. Indeed, the spirit of inverse design dates 

back to the late 1990s.6 Early inverse design studies used first-principles calculations and 

evolutionary algorithms to successfully reverse engineered optical and electronic properties of 

complex inorganic compounds.6–10 In many areas like machine vision, natural language 

processing, or speech recognition and generation, the combination of large datasets available, 

the efficient deep learning algorithms and the powerful hardware have allowed to apply to 

transition from hand-tuned features based on intuition to fully learned representations. Graph 

based neural network tools can be trained of vary basic features (atomic numbers and 

geometries) and autonomously learn the key representations that are connected to 

performance. These types of approaches moves away from the Edisonian approach of feature 

engineering to a more full-stack learning approach. Modern inverse design strategies combine 

large materials databases with artificial intelligence and uses machine learning to further 

accelerate functional materials discovery. Machine learning approaches have the potential to 

introduce new chemical insights free of a priori assumptions.  

Recently adaptive learning techniques for prediction of materials are becoming popular outside 

the existing repository by navigating the parameter space more efficiently to minimize the 
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number of experiments and computations needed to achieve the required yields.11,12A fully 

mature machine learning materials discovery infrastructure would seamlessly link 

autonomous computational and experimental frameworks to realize desired functionality. 

(Figure 7.1) 

. 

Figure 7.1. Comparison of intuition–driven and data-driven materials discovery paradigms.13 

 
7.3 Towards a more sustainable and equitable future 
 

Another facet of the sustainable future while meeting energy and environmental challenges is the 

integration of solutions developed in this thesis and elsewhere with socio-economic factors. For 

example, how does society, with its heterogeneity of economic and cultural norms, interact with 

energy and environmental solutions to tackle climate change?  
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Figure 7.2 (a) The relationship between per capita energy use and per capita gross domestic 
product (GDP; in US dollars) of countries, plotted on logarithmic axes, from 1980 to 2003. 
Figure is reproduced with permission from ref.14, Copyright Oxford Press 2011. (b) Final energy 
consumption for 119 countries in the GTAP database calculated using input–output analysis, for 
2011. For the same countries, decent living energy estimates are shown. Figure is used from 
ref.15 with permission, Copyright Elsevier 2020. 

 

The interaction of technology and society is an ever-evolving goal post with the combined 

challenge of improving the standard of living across the globe while addressing climate change 

concerns. And as Norbert Weiner says, "change comes most of all from the unvisited no-man’s 

land between the disciplines", and this core spirit are required for a more equitable and 

sustainable future. This thesis addressed the technological aspect by rational design of catalysts 

for cleaner environment and efficient generation of clean energy on wide-ranging applications 

including air pollution, electrochemical energy storage, and chemical production with the over-

arching theme of developing activity descriptors that correlate macroscopic performance metrics 

to microscopic material properties via investigating the underlying reaction mechanism 

The deployment of novel energy storage and carbon neutral technologies using macro-economic 

trends projected by IPCC is an up and coming field of study. Many such cost benefit analysis and 

cost-effectiveness methodologies often capture only a narrow set of aggregated parameters while 

not addressing the consumer side to the energy equation. For example, it is known that different 

countries as well as populations in the country are affected differently by climate change with the 

low-income households facing the direst consequences. Hence, there is a need to address the 

a b 
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adaption of carbon neutral technologies while considering the social heterogeneities and 

preferences in lifestyles, social norms, and well being that exist in in aggregated data. (Figure 7a) 

For example, the current energy consumption far exceeds the needs for a decent living standard 

for a large number of countries with higher GDPs.15 (Figure 7b) Hence, there is a need to address 

underlying aspects of energy transition that include energy demand, acquisition of new 

technologies, perceived risks, decision-making, and energy ethics which would require solutions 

at the home and local community level. Finally, there is a twofold challenge in energy 

distribution wherein income distribution of the households and more equitable growth need to be 

balanced in light of CO2 emissions. In summary, we need to broaden the techno-economic 

investigation by including a social science component to address the grand challenge of climate 

science.       
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A.1: Supplementary Data for Chapter 2 

 

Figure A.1.1: Reaction mechanism for formaldehyde oxidation on birnessite manganese 
oxide. Schematics of reaction mechanism via A) formation of DOM (H2COOOxide) and 
formate (HCOOoxide) reaction intermediates1 and B) formate (HCOOoxide) and carbonate 
(CO2Ooxide) reaction intermediates2 aided by surface oxygen, hydroxyl, and adsorbed water. 
Figures are used with permission from References [1,2], Copyright American Chemical 
Society 2015 and Elsevier 2017. 
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Figure A.1.2: Characterization of MnOx catalyst. A) XRD pattern of the MnOx catalyst 
which can be described by a birnessite phase, B) X-ray Photoelectron Spectrum showing K 
2p and C1s region of the MnOx catalyst used in this study. We show that the addition of 
potassium enhances adsorption of oxygen and dissociation of water dissociation as shown in 
the Table S4 and Figure S9, and C) thermo gravimetric (TG) mass loss curve showing the 
loss of surface hydroxyl, oxygen, and structural water from the catalyst as a function of 
temperature.1	

   

Figure A.1.3: Sensitivity of FTIR gas-cell for HCHO and CO2 detection. Sensitivity of 
A) HCHO and B) CO2 gases showing the FTIR spectral region and the integrated intensities 
for gas concentrations of 50-0.5 ppm/BalanceN2 obtained by changing the flow rates of the 
HCHO and CO2 gases with a balance of N2 gas using dedicate mass flow controllers. A total 
flow rate of 200 ml min-1 was used for all the measurements.  
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Figure A.1.4:  DRIFTS spectrum before and after background subtraction. DRIFTS 
spectrum showing the spectrum A) taken prior to background subtraction in 
10%O2/BalanceN2 and after background subtraction B) in 10%O2/BalanceN2 and, C) after 
flowing 20ppmHCHO/BalanceN2. 25 mg MnOx catalyst was mixed with 25 mg KBr and the 
total gas flow rate was 200 ml min-1 for the DRIFTS measurements. 
 

Table A.1.1: Reaction conditions for identifying reaction intermediates using DRIFTS  

Catalyst Loading 
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Inlet Gas Composition (xx 
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50 0.5 ppm 50 
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Figure A.1.5: Identification of reaction intermediates using DRIFTS. DRIFTS collected 
under 20 ppmHCHO, 2 ppmHCHO, 0.5ppmHCHO (balanced with nitrogen) with 5 mg, 50 mg, 50 
mg of MnOx catalyst at a flow rate of 250, 100, 50 ml/min respectively A) in the 900-1800 
cm-1 region showing major carbonate reaction intermediate (COO2oxide) at low concentration 
of 0.5 ppmHCHO/BalanceN2, major bidentate formate reaction intermediate (HCOOOxide) at 
higher concentration of 20 ppmHCHO/BalanceN2 with peaks corresponding to DOM 
(HCHOOoxide) only seen in the highest concentration of 20ppmHCHO/BalanceN2 case, and B) 
in the 2600-3700 cm-1 region showing terminal/CUS hydroxyl (OHCUS), lattice/bridge 
hydroxyl (OHBRI), and bidentate formate (HCOOOxide) related peaks. 25 mg MnOx catalyst 
was mixed with 25 mg KBr and the total gas flow rate was 200 ml min-1 for the DRIFTS 
measurements.   
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Figure A.1.6: Identification of reaction intermediates using DRIFTS. DRIFTS collected 
under 5%CO/Balance He, 100%CO2, and 1.9%H2O /BalanceN2 A) in the 900-1800 cm-1 region 
showing the no CO related adsorption species, carbonate (COO2oxide) peaks related peaks at 
1512 and 1324 cm-1 and water related peaks (H2Owater) at 1647 cm-1 and while the B) 2600-
3700 cm-1 region showing no peaks for CO, CO2 adsorption while a broader peak 
corresponding to O-H stretching of water (OHwater) was observed. 25 mg MnOx catalyst was 
mixed with 25 mg KBr and the total gas flow rate was 200 ml min-1 for the DRIFTS 
measurements. 
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Table A.1.2:  Comparison of the experimental and DFT computed wavenumber of the 
reaction intermediates observed during HCHO oxidation  
 

 
    

 

 

 

 

 

 

 

Species DFT 
Computed 

DFT Reference Experimental Experimental 
Reference 

HCHOOoxide 

 

2961, 2950, 
1405, 1327, 
1206,1020 

2372, 2211, 1342, 
1321, 1229, 1018, 

979;3 
3958,2884,1394,1
340, 1207, 9994 

 

1420, 
1054,969 

~1473,1302,118
6,1138,1114,10
86,858; 14125 

 

HCOOoxide 

 

2998, 
1503,1342,121

8,  

2968, 1497, 1381, 
1169;3 

3012, 1453, 1384, 
12944 

 

 

2955, 2882, 
1567, 1384, 
1354, 1320 

2951,2872,2735
,1562,1385,136
5,13225 

 

CO2Ooxide 1387, 1204 1301, 12546 
;1537,1302 

1512, 1340 1503,1324,1220
1 
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 Table A.1.3: Surface energies of commonly encountered facets of rutile 

 

  

 

 
 
 
Figure A.1.7: Comparison of the surface structure of manganese oxides. Structure of A) 
(110) facet of rutile MnO2 and B) (101) facet of δ-MnO2 (birnessite).   
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Figure A.1.8: Surface phase diagram for the MnO2 surface (110) in the presence of O2 
and H2O chemical potentials showing the different surface structures.  
 
 
 

 
 
Figure A.1.9: Optimized adsorption geometries for K adsorption. A) Potassium ad-atom 
adsorption similar to the configuration reported for K adsorption on TiO2 (110)8, B) adsorbed 
OCUS and C) dissociated H2O on MnO2(110) with potassium ad-atom. 
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Table A.1.4: Adsorption energy of water and oxygen atom compared for the cases of with 
and without K ad-atom.   
 

 
 
 

 
Figure A.1.10: Increase in catalyst lifetime upon switching from wet to dry conditions. 
Reactor studies for inlet concentration of 20 ppmHCHO/BalanceN2 showing HCHO adsorption 
for additional 100 min after achieving HCHO breakthrough under flow of 20 
ppmHCHO/0.7%H2O/BalanceN2. However, no additional CO2 was generated after switching the 
gas from 20 ppmHCHO/0.7%H2O/10%O2/BalanceN2 to 20 ppmHCHO/BalanceN2. Catalyst loading 
was 25 mg MnOx while and total gas flow rate was 200 ml min-1 was used for all the 
measurements.  
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Table A.1.5: CO2 converted under different reaction conditions until 50 min in Figure 2A 
and Figure 2C  
 

     

Figure A.1.11: DRIFTS spectrum with bidentate formate and carbonate reaction 
intermediates . A) DRIFTS in the 900-1800 cm-1 region for 0.5-
20ppmHCHO/0.7%H2O/BalanceN2 at 120 min showing water, bidentate formate (HCOOoxide), 
and carbonate (COO2oxide), related peaks and no DOM (HCHOOoxide), peaks in any of the 
spectra. B) DRIFTS in the 900-1800 cm-1 region for 0.5-20ppmHCHO/BalanceN2 at 120 min 
showing that DOM, HCOOoxide, and COO2oxide reaction intermediates with the dominant 
surface species changing from carbonate to HCOOoxide and HCHOOoxide reaction 
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intermediates with increasing HCHO concentration 25 mg MnOx catalyst was mixed with 25 
mg KBr for the DRIFTS measurements and total gas flow rate was 200 ml min-1.  
 
 

       

Figure A.1.12: DRIFTS collected under HCHO and H2O with and without oxygen in 
gas stream. DRIFTS in the 900-1800 cm-1 region collected under A) 20 ppmHCHO/ 
0.7%H2O/10%O2/BalanceN2 and B) 20 ppmHCHO/0.7%H2O/BalanceN2 showing bidentate 
formate (HCOOoxide), carbonate (COO2oxide), and adsorbed water (H2Owater) reaction 
intermediates. DRIFTS in the 2700-3700 cm-1 region collected under C) 20 ppmHCHO/ 
0.7%H2O/10%O2/BalanceN2 and D) 20 ppmHCHO/0.7%H2O/BalanceN2 showing adsorbed water 
reaction (H2Owater) intermediates. The 5 spectra (light to dark) in each case were collected at 
collected at 6, 12, 24, 72, and 120 min. 25 mg MnOx catalyst was mixed with 25 mg KBr for 
the DRIFTS measurements and a total gas flow rate was 200 ml min-1. 
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Figure A.1.13: DRIFTS evolution of reaction intermediates with time. DRIFTS showing 
bidentate formate (HCOOoxide), and carbonate reaction (COO2oxide) reaction intermediates for 
inlet concentration of A) 20 ppm HCHO, B) 10 ppm HCHO C) 5 ppm HCHO D) 1ppm HCHO E) 0.5 
ppmHCHO with balance gas of 0.7%H2OBalanceN2 collected at 6, 12, 24,72, and 120 min after 
flowing the gas mixture. Catalyst loading was 25 mg MnOx and total gas flow rate was 200 
ml min-1. 
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Figure A.1.14: DRIFTS in the carbonate region. DRIFTS in the 900-1800 cm-1 region 
collected under A) 20 ppmHCHO/ 0.7%H2O/BalanceN2 and B) 20 ppmHCHO/BalanceN2 showing 
carbonate (COO2oxide) reaction intermediate. The 5 spectra (light to dark) in each case were 
collected at 40 80, 120, 150, and 180 min under gas flow. 25 mg MnOx catalyst was mixed 
with 25 mg KBr for the DRIFTS measurements and a total gas flow rate was 200 ml min-1. 
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Figure A.1.15: DRIFTS collected under HCHO with and without oxygen in gas stream. 
DRIFTS in the 900-1800 cm-1 region collected under A) 20 ppmHCHO/ 
0.7%H2O/10%O2/BalanceN2 and B) 20 ppmHCHO/0.7%H2O/BalanceN2 showing DOM 
(HCHOOoxide), bidentate formate (HCOOoxide), carbonate (COO2oxide), DRIFTS in the 2600-
3700 cm-1 region collected under A) 20 ppmHCHO/ 0.7%H2O/10%O2/BalanceN2 and B) 20 
ppmHCHO/0.7%H2O/BalanceN2 showing a decrease in the intensity of CUS hydroxyl species 
(OHCUS) and slight increase in the intensity of the bridging hydroxyl (OHBRI). The 5 spectra 
(light to dark) in each case were collected at 40 80, 120, 150, and 180 min under gas flow. 25 
mg MnOx catalyst was mixed with 25 mg KBr for the DRIFTS measurements and a total gas 
flow rate was 200 ml min-1. 
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Figure A.1.16: Series of repeated measurements showing HCHO breakthrough and 
CO2 conversion for the catalyst when exposed A) to 20 ppmHCHO/BalanceN2 initially and 
purging with 1.9%H2O/BalanceN2 and re-adsorption of HCHO, B) to 20 
ppmHCHO/10%O2/BalanceN2 and purging with 1.9%H2O/10%O2/BalanceN2 and re-adsorption of 
HCHO. A gradual decrease in the lifetime is observed for the second and third re-adsorption 
of HCHO. Catalyst loading was 25 mg MnOx while and total gas flow rate was 200 ml min-1. 
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Figure A.1.17: DRIFTS collected under transient reaction conditions with and without 
H2O in gas stream after flowing HCHO. DRIFTS collected under transient reaction 
conditions without HCHO in the gas stream in the 900-1800 cm-1 region with A) 100%N2 
after flowing 20 ppmHCHO/ BalanceN2 and B) 0.7%H2O/BalanceN2 after flowing 20 
ppmHCHO/0.7%H2O/BalanceN2, in the 2600-3700 cm-1 region for C) 100%N2 after flowing 20 
ppmHCHO/BalanceN2 and D) 0.7%H2O/BalanceN2 after flowing 20 ppmHCHO/ 
0.7%H2O/BalanceN2. Spectra (dark to light) were collected at 6, 12, 24, 72, and 120 min. 25 
mg MnOx catalyst was mixed with 25 mg KBr for the DRIFTS measurements and a total gas 
flow rate was 200 ml min-1.  
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Figure A.1.18: Influence of water on the stability of reaction intermediates. A) DRIFTS 
spectra of the bidentate formate (HCOOoxide) peak in the 1200-1400 cm-1 region showing a 
red shift of the –OCO stretching of the formate reaction intermediate while flowing 
1.9%H2O/BalanceN2 collected after flowing 20 ppmHCHO/BalanceN2 B) DRIFTS in the 2700-
3700 cm-1 region collected after flowing 20 ppmHCHO/BalanceN2 (black) showing a decrease 
in the surface hydroxyl peak at 3590 cm-1 and the formation of a OHBRI between 2800-3600 
cm-1 followed by flowing 1.9%H2O/BalanceN2 for 90 min and 100%N2 for 300 min (red), 
showing an increase in the intensity of the broader OHBRI peak. Further, flowing 
1.9%H2O/BalanceN2 for 120 min and 100%N2 for 240 min (red) revealed further increase in the 
intensities of lattice hydroxyl peak. Re-adsorption of 20 ppmHCHO/BalanceN2 after the 
complete removal of the carbonaceous species in Figure 4C showed a further decrease in 
intensity of OHCUS peak at 3590 cm-1 while the OHBRI intensity did not change for the spectra 
collected after 180 min.  
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Figure A.1.19: DFT-calculated structures for water interaction with formate 
(HCOBRIOCUS). Computed DFT structures and wavenumbers for the different configurations 
of formate reaction intermediate for A) bidentate formate in BRI-CUS geometry, B) 
bidentate formate in BRI-CUS geometry with co-adsorbed water on the MnCUS site, C) 
monodentate formate adsorbed on OH hydroxyl on the MnCUS site with co-adsorbed water on 
the adjacent MnCUS site, and D) monodentate formate geometry adsorbed on H2O on the CUS 
site with OH on MnCUS site. Pink, manganese; blue, hydrogen; dark red, oxygen; grey, 
carbon. 
 
 
  

 
Figure A.1.20: Series of repeated measurements showing HCHO breakthrough and 
CO2 conversion for the catalyst when exposed A) to 20 ppmHCHO/BalanceN2 initially and 
purging with 1.9%H2O/BalanceN2 and re-adsorption of HCHO, B) to 20 
ppmHCHO/10%O2/BalanceN2 and purging with 1.9%H2O/10%O2/BalanceN2 and re-adsorption of 
HCHO. A gradual decrease in the lifetime is observed for the second and third re-adsorption 
of HCHO. Catalyst loading was 25 mg MnOx while and total gas flow rate was 200 ml min-1. 
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Figure A.1.21: Conversion of bidentate formate (HCOOoxide) and carbonate (COO2oxide) 
reaction intermediates. A) DRIFTS collected after flowing 20 ppmHCHO/BalanceN2 for 12 
min of followed by flowing 100%N2 for 30 min, 80 min, and 130 min (dark-light grey) in the 
900-1800 cm-1 region showing the formation of bidentate formate (HCOOoxide) and carbonate 
(COO2oxide) reaction intermediates at 12 min and a slight decrease in the intensity of the 
HCOOoxide and COO2oxide peaks with increasing time. Introduction of 0.7%H2O/BalanceN2 for 
0 min (red) showed a decrease in the intensities of the carbonaceous intermediates while 
continued exposure to 1.2%H2O/BalanceN2 for 0 min, 1.9%H2O/BalanceN2 for 0 min (red), and 
1.9%H2O/BalanceN2 for 30 min (red) and 120 min (red) leads to complete removal of the 
HCOOoxide and COO2oxide peaks, B) The corresponding hydroxyl region from 2700-3700 cm-1 
showing a decrease in intensity of OHCUS peaks at 3590 cm-1 under the dry conditions (grey) 
while the addition of water leads to the formation of a broader hydroxyl peak (OHwater) from 
2900-3500 cm-1. C) Decrease in intensities of both COO2oxide and HCOOoxide peak upon 
introduction of increasing amounts of water (0.7%H2O-1.9%H2O). Also, the amount of 
decrease of the intensity was the same for both the intermediates and the relative peak ratios 
of formate and carbonate remained the same at ~2.5 suggesting that the HCOOoxide did not 
transform into COO2oxide after the initial COO2oxide had been converted to CO2.  
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Table A.1.6: Computed adsorption energies for HCHO adsorption on the stoichiometric 
surface showing initial and final configuration for A) C-down adsorption on the MnCUS site 
with energy of +0.43 eV, B) C-down adsorption on the MnCUS site with +0.02 eV energy, C) 
bidentate adsorption along the MnCUS row sites with +0.41 eV, and D) bidentate 
configuration with adsorption on both the MnCUS and oxygen bridge sites (OBRI) with energy 
of -0.51 eV. Pink, manganese; blue, hydrogen; dark red, oxygen; grey, carbon.  
 
 
Reaction Scheme A.1.1: Energetics of reaction of HCHO and O2 assisted by OHCUS to form 
CO2 and H2O surface with hydrogen adsorption on the bridge site (OHBRI) computed using 
the same unit cell in red and different unit cells in grey to model high and low coverage 
scenarios. 
 

HCHO+ OH!"#$+ O!"#$!"# +O!"#$ → H!CO!"#$O!"#$ + OH!"#$ G! = −0.64 eV  
 

H!CO!"#$O!"#$ + OH!"#$ → HCO!"#$O!"#$+H!O+ O!"#$!"# G! = −2.75 eV  
 

                                HCO!"#$O!"#$+O!"#$ → CO!"#$O!"#$+OH!"#$  G! = −2.19 eV,G! =
−2.10 eV   

 
     CO!"#$O!"#$ → CO!  + O!"#$!"# +  O!"#$!"#    G! = −0.23 eV,G! = −0.32 eV    
 

O!"#$!"# +  O!"#$!"# +OH!"#$ + O! → O!"#$ + OH!"#$ + O!"#$ G! = +0.29eV  
 

ΔG (eV) Initial  Final  

+0.43 
 
 
 
 
 
+0.02 

+0.41 

-0.51 

A 
 

B 
 

C 
 

D 
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Figure A.1.22:  DFT calculated reaction mechanism for stoichiometric MnO2 surface. 
A) Schematic of reaction mechanism for HCHO oxidation on a stoichiometric surface via 
formate reaction pathway and B) DFT-calculated free energy diagram of formaldehyde 
oxidation on the stoichiometric (110) surface of MnO2 surface where the grey diagram shows 
the energy of bridging hydroxyl energy calculated in separate simulation cell to model low 
coverage reaction conditions (θlow) and the red diagram showing the energetics calculated in 
the same simulation cell to case to model high coverage reaction conditions (θhigh). First, the 
adsorption of HCHO  was found to be most favorable in a bidentate BRI-CUS geometry on 
the stoichiometric surface (Table A.1.5) as dioxymethylene (DOM, H2COBRI1OCUS1), with 
adsorption energy of -0.51 eV. Second, dehydrogenation of DOM by a bridge oxygen (OBRI2) 
can lead to the formation of bidentate formate in a BRI-CUS geometry (HCOBRI1OCUS1) and 
a bridge hydroxyl (OHBRI2) in Figure S19A, which was found thermodynamically downhill 
with -2.74 eV for having OHBRI2 in the same unit cell (or -3.26 eV for having the co-
adsorbed hydroxyl in a different unit cell from HCO!"#!O!"#$, representing lower coverage). 
Third, dehydrogenation of bidentate formate can lead to the formation of a second hydroxyl 
(OHBRI3), with Gibbs free energy of -1.71 eV (-2.40 eV for the lower coverage case), and an 
adsorbed CO2 -like species in a BRI–CUS geometry, with Gibbs free energy of  -0.22 eV (-
0.24 eV for the lower coverage). Fourth, the CO2-like species can desorb as CO2, leaving 
behind an oxygen vacancy on the bridge site (O!"#$!"# ). Fifth, refilling of the vacancy on the 
cus site (O!"#$by molecular oxygen is thermodynamically uphill, with Gibbs free energy 
penalty of +0.53 eV, which could become favorable  (-0.17 eV) in the presence of co-
adsorbed hydroxyl. This result is in agreement with previous work that OH coverage can aid 
oxygen adsorption due to the delocalization of donated electrons along the CUS row of 
atoms.9 Sixth, the two bridge hydroxyls (OH!"#$,OH!"#$) can combine with the dissociated 
oxygen on the cus site (O!"#$) to desorb as H2O with -0.19 eV (with an energy penalty of 
+0.33 eV for the lower coverage). Pink, manganese; blue, hydrogen; dark red, oxygen; grey, 
carbon. The equations and energetics for each step are reported in Reaction Scheme A.1.2. 

 
Reaction Scheme A.12: Energetics of reaction of HCHO and O2 on a stoichiometric surface 
with hydrogen adsorption on the bridge site (OHBRI) computed using the same unit cell in red 
and different unit cells in grey to model high and low coverage scenarios.  
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H!CO!"#$O!"#$+O!"#$ → HCO!"#$O!"#$ ++OH!"#$ G! = −3.05 eV,−2.74   eV  
 
                HCO!"#$O!"#$+O!"#$ → CO!"#$O!"#$ +  +OH!"#$  G! = −2.19 eV,−1.71  eV   
 

CO!"#$O!"#$ → CO!  + O!"#$!"# + O!"#$!"# G! = −0.24eV,−0.22 eV  
 
O!"#$!"# + O!"#$!"# +O!  → O!"#$ +O!"#$  (G! = +0.53 eV,−0. 17 eV)    
 
O!"#$ + OH!"#$+OH!"#$  → H!O +O!"#$+O!"#$ +  O!"#$!"# G! = −0.07 eV,−0.19 eV    

 
 

Figure 
A.1.23: DFT calculated reaction mechanism for MnO2 with OHCUS.  A) Reaction mechanism 
for HCHO oxidation aided by OHCUS via formate reaction intermediate, and B) DFT-calculated 
free energy diagram for formaldehyde oxidation on the (110) surface of MnO2 surface with 
OHCUS. The grey diagram showing the energy of bridging hydroxyl energy calculated in separate 
simulation cell to model low coverage reaction conditions (θlow) and the red diagram showing the 
energetics in the co-adsorbed case to model high coverage reaction conditions (θhigh). The 
equations and energetics for each step are reported in Reaction Scheme S3. 
 
 
Reaction Scheme A.13: Energetics of reaction of HCHO and O2 assisted by OHCUS to form CO2 

and H2O computed with hydrogen adsorption on the bridge site (OHBRI) computed using the same 
unit cell in red and different unit cells in grey to model high and low coverage scenarios. 
 

HCHO+ OH!"#$+O!"#$!"# →   H!CO!"#$OH!"#$ G! = −0.15 eV  
 

  H!CO!"#$OH!"#$+O!"#$ → H!CO!"#$O!"#$+OH!"#$ G! = −0.82 eV,G! =
−0.78 eV  
 

    H!CO!"#$O!"#$+O!"#$ → HCO!"#$O!"#$+OH!"#$ G! = −3.55 eV,G! = −3.36 eV   
 
   HCO!"#$O!"#$+O!"#$ → CO!  + O!"#$!"# +  O!"#$!"# +   OH!"#$  G! = −2.88 eV,G! =

−2.90 eV    
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O!"#$!"# +   +OH!"#$ + OH!"#$+O!
→ O!"#$ + O!"#$+O!"#$ + H!O  G! = +1.86 eV,G! = +1.67 eV  

 
 

 
 
Reaction Scheme A.14A: Energetics of reaction of HCHO and O2 assisted by OHCUS and OCUS to 
form CO2 and H2O via carbonate reaction intermediate with hydrogen adsorption on the bridge site 
(OHBRI) computed using the same unit cell in red and different unit cells in grey to model high and 
low coverage scenarios. 
 
 

HCHO+ O!"#$ + O!"#$+O!"#$ + OH!"#$+O!"#$
→ HCO!"#$O− OH!"#$ + OH!"#$ G! = −3.72 eV  

 
 

 HCO!"#$O− OH!"#$+O!"#$ → COO!"#$OH!"#$ + OH!"#$ G! = −3.43 eV  
 

                                                 COO!"#$OH!"#$+O!"#$ → COO!"#$O!"#$ + OH!"#$  G! = −0.48 eV   
 
     COO!"#$O!"#$ → CO!  + O!"#$ + O!"#$!"#   G! = +0.17 eV    
 

O!"#$ + OH!"#$ + OH!"#$ → H!O + O!"#$+O!"#$ + O!"#$!"# G! = −0.37 eV  
 

O!"#$!"# + O!"#$!"# + OH!"#$ + O! → O!"#$ + OH!"#$ G! = +2.30 eV  
 

Reaction Scheme A.14B: Reaction of HCHO and O2 assisted by OHCUS and OCUS to form CO2 and 
H2O via formate reaction intermediate with hydrogen adsorption on the bridge site (OHBRI) 
computed using the same unit cell in red and different unit cells in grey to model high and low 
coverage scenarios. 
 

 
HCHO+ O!"#$ + OH!"#$+O!"#$ → HCO!"#$O− OH!"#$ + OH!"#$ G! = −3.72 eV  

 
   HCO!"#$O− OH!"#$ + O!"#$ → CO! + OH!"#$ + OH!"#$ G! = −4.01 eV  

 
                                                 COO!"#$OH!"#$+O!"#$ →  CO!+O!"#$!"# + OH!"#$+O!"#$ G! =

−0.06 eV   
 
     O! + O!"#$!"# + O!"#$!"# →  O!"#$ + O!"#$  G! = +1.61 eV    
 

O!"#$ + OH!"#$ + OH!"#$ → O!"#$ + OH!"#$+O!"#$!"# G! = +0.68 eV  
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Figure A.1.24: Role of bridging hydroxyl coverage for surface energetics. Surface 
energetics for A) Dehydrogenation-I for conversion of DOM (H2COOoxide) to formate 
(HCOOoxide), B) Dehydrogenation-II for formate (HCOOoxide) conversion to CO2, C) 
molecular oxygen re-adsorption and D) for water desorption at low and high bridging 
hydroxyl coverage for a surface with stoichiometric, OHCUS, OCUS OCUSH2OCUS, 
H2OCUS(b) for HCHO adsorption in a bidentate configuration,  and H2OCUS (m) for HCHO 
adsorption in a monodentate configuration, OCUSH2OCUS reaction conditions. The grey data 
bars show the energy of bridging hydroxyl energy calculated in separate simulation cell to 
model low coverage reaction conditions (θlow) and the red diagram showing the energetics in 
the co-adsorbed case to model high coverage reaction conditions (θhigh). 
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Figure A.1.25: DFT calculated reaction mechanism for MnO2 with OCUS. A) Schematic 
of reaction mechanism for HCHO oxidation aided by OCUS via carbonate reaction 
intermediate and B) DFT-calculated free energy diagram of formaldehyde oxidation on the 
(110) surface of MnO2 surface with adsorbed oxygen (OCUS1). The grey diagram showing the 
energy of bridging hydroxyl energy calculated in separate simulation cell to model low 
coverage reaction conditions (θlow) and the red diagram showing the energetics in the co-
adsorbed case to model high coverage reaction conditions (θhigh). Pink, manganese; blue, 
hydrogen; dark red, oxygen; grey, carbon. The equations and energetics for each step are 
reported in Reaction Scheme S8. The equations and energetics for each step are reported in 
Reaction Scheme S5. 
 

 
Reaction Scheme A.15: Energetics of reaction of HCHO and O2 assisted by OCUS to form CO2 and 
H2O via carbonate reaction intermediate with hydrogen adsorption on the bridge site (OHBRI) 
computed using the same unit cell in red and different unit cells in grey to model high and low 
coverage scenarios. 
 

HCHO +O!"#$ + O!"#$!"# → H!CO!"#$O!"#$ (G! = −1.19 eV)    
 
                          H!CO!"#$O!"#$+O!"#$ → HCO!"#$O!"#$ + OH!"#$ + H!O G! =
−3.55 eV,−3.40 eV  
 
 HCO!"#$O!"#$ + O!"#$+O!"#$ →
CO!"#$O!"#$O+   OH!"#$ + H!O   G! = −2.33 eV,−2. 28 eV    
     
CO!"#$O!"#$O → O!"#$ + CO! (G! = +0.05 eV,+0.46 eV)    
  

O!"#$ + OH!"#$+ OH!"#$ + O!
→ H!O +O!"#$ +O!"#$ +  O!"#$ G! = +1.48 eV,+0.88  eV    
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Figure A.1.26: DFT calculated reaction mechanism for MnO2 with H2OCUS. A) Reaction 
mechanism for HCHO oxidation aided by H2OCUS and B) Potential energy landscape of 
formaldehyde oxidation on the (110) surface of MnO2 surface with adsorbed water (H2OCUS2) 
with the energy of bridging hydroxyl energy was calculated separately in grey and the co-
adsorbed case in red. HCHO adsorbs preferably in a BRI-CUS bidentate configuration to 
form DOM (H2COBRI1OCUS2) with adsorption energy of -0.85 eV. Dehydrogenation of DOM 
to bidentate formate (HCOBRI1OCUS2) occurs via the formation of OHBRI1 with energy of -
2.53 eV for low coverage and -2.11 eV for the high hydroxyl coverage case. The second 
dehydrogenation leads to the formation of adsorbed CO2 and OHBRI2 (-2.00 eV, -1.40 eV for 
the low and high hydroxyl coverage cases) followed by desorption of CO2 (-0.40 eV, -0.34 
eV for the low and high hydroxyl coverage cases). The refilling of the resulting vacancies by 
molecular oxygen has energy of +0.42 and -0.69 eV respectively for the low coverage high 
hydroxyl coverage cases. Finally, the two hydrogen, OHBRI1 and OHBRI2 combine with 
adsorbed oxygen to desorb as H2O to regenerate the surface (-0.06 eV and -0.14 eV 
respectively for low and high hydroxyl coverage cases. The grey diagram showing the energy 
of bridging hydroxyl energy calculated in separate simulation cell to model low coverage 
reaction conditions (θlow) and the red diagram showing the energetics in the co-adsorbed case 
to model high coverage reaction conditions (θhigh). Pink, manganese; blue, hydrogen; dark 
red, oxygen; grey, carbon. The equations and energetics for each step are reported in 
Reaction Scheme S6A. 
 
 

Reaction Scheme A.16A: Energetics of reaction of HCHO, HCHO, and O2 on a stoichiometric 
surface via formate intermediate to form CO2 and H2O with hydrogen adsorption on the bridge site 
(OHBRI) computed using the same unit cell in red and different unit cells in grey to model high and 
low coverage scenarios. 

  
  
 

HCHO +O!"#$ + H!O!"#$ + O!"#$!"# → H!CO!"#$O!"#$ − H!O!"#$(G! =  −0.85 eV)  
 
 H!CO!"#$O!"#$ − H!O!"#$+O!"#$ → HCO!"#$O!"#$ − H!O!"#$ + OH!"#$ G! =
−2.53 eV,−2.11 eV  
 

                HCO!"#$O!"#$ − H!O!"#$+O!"#$ →    CO!"#$O!"#$ +   OH!"#$  + H!O!"#$ G! =
−2.00 eV,−1.40 eV    
 
             CO!"#$O!"#$ → CO!  ++O!"#$!"# +  +O!"#$!"# G! = −0.40 eV,−0.34 eV  

 
H!O!"#$ + O!"#$!"# + OH!"#$ + OH!"#$ +O!  

→  O!"#$+O!"#$   + H!O!"#$ + OH!"#$
+ OH!"#$ G! = +0.42 eV,−0.69 eV  

 
H!O!"#$ +  O!"#$ + OH!"#$ + OH!"#$

→ H!O!"#$ + H!O +O!"#$+O!"#$ G! = −0.06 eV,−0.14 eV  
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Figure A.1.27: DFT calculated reaction mechanism for MnO2 with H2OCUS. A) Reaction 
mechanism for HCHO oxidation aided by H2OCUS and B) Potential energy landscape of 
formaldehyde oxidation on the (110) surface of MnO2 surface with adsorbed water (H2OCUS2) 
with the energy of bridging hydroxyl energy was calculated separately in grey and the co-
adsorbed case in red. HCHO adsorbs in a BRI-CUS monodentate configuration to form 
DOM (H2COBRI1O) with adsorption energy of +0.14 eV. Dehydrogenation of DOM to 
monodentate formate (HCOBRI1O) occurs via the formation of OHBRI1 with energy of -3.41 
eV for low coverage and -3.05 eV for the high hydroxyl coverage case. The second 
dehydrogenation leads to the formation of adsorbed CO2 and OHBRI2 (-1.79 eV, -1.72 eV) 
followed by desorption of CO2 (-0.83 eV, -0.10 eV). The refilling of the resulting vacancies 
by molecular oxygen has energy of +0.42 and -0.69 eV respectively for the for low coverage 
high hydroxyl coverage cases. Finally, the two hydrogen, OHBRI1 and OHBRI2, combine with 
adsorbed oxygen to desorb as H2O to regenerate the surface (-0.06 eV and -0.14 eV 
respectively). The grey diagram showing the energy of bridging hydroxyl energy calculated 
in separate simulation cell to model low coverage reaction conditions (θlow) and the red 
diagram showing the energetics in the co-adsorbed case to model high coverage reaction 
conditions (θhigh). Pink, manganese; blue, hydrogen; dark red, oxygen; grey, carbon. The 
equations and energetics for each step are reported in Reaction Scheme S6B. 
 
 
Reaction Scheme A.16B: Energetics of reaction of HCHO, HCHO, and O2 on a 
stoichiometric surface via formate intermediate to form CO2 and H2O with hydrogen 
adsorption on the bridge site (OHBRI) computed using the same unit cell in red and different 
unit cells in grey to model high and low coverage scenarios. 
 
 

 HCHO +O!"#$+H!O!"#$ + O!"#$!"# → H!CO!"#$O!"#$ − H!O!"#$(G! = +0.14 eV)  
 

H!CO!"#$O!"#$ − H!O!"#$+O!"#$
→ HCO!"#$O!"#$ − H!O!"#$ + OH!"#$ G! = −3.41 eV,−3.05 eV  
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         CO!"#$O!"#$ → CO!  + O!"#$!"# +  O!"#$!"# G! = −0.83 eV,−0.10 eV  

 
H!O!"#$ + O!"#$!"# + OH!"#$ + OH!"#$ +O!  

→  O!"#$+O!"#$  + H!O!"#$ + OH!"#$
+ OH!"#$ G! = +0.42 eV,−0.69 eV  

 
H!O!"#$ + O!"#$ + OH!"#$ + OH!"#$

→ H!O!"#$ + H!O+O!"#$ +O!"#$ G! = −0.06 eV,−0.14 eV  

 
 
Reaction Scheme A.17: Energetics of reaction of HCHO, HCHO, and O2 on surface with 
OCUS via formate intermediate with hydrogen adsorption on the bridge site (OHBRI) computed 
using the same unit cell in red and different unit cells in grey to model high and low coverage 
scenarios. 
 
 

HCHO + O!"#$ + H!O!"#$ → H!CO!"#$O−H!O!"#$ 
    H!CO!"#$O− H!O!"#$ + O!"#$ → HCO!"#$O− H!O!"#$ + OH!"#$ + H!O G! =
−4.29 eV,−4.25 eV  
 

         HCO!"#$O− H!O!"#$ + O!"#$ →  CO!  + H!O!"#$ +  +OH!"#$ + H!O  + O!"#$!"# G! =
−3.33 eV,−2.85 eV   

 
  H!O!"#$ + O!"#$!"# +  O!"#$!"#  +OH!"#$ + OH!"#$ +  O!  → O!"#$+O!"#$ +H!O!"#$ + OH!"#$ +

OH!"#$  
G! = +2.15 eV,+1.08 eV    

 
O!"#$+O!"#$ +H!O!"#$ + OH!"#$ + OH!"#$  

→ H!O+ O!"#$ + O!"#$ +  O!"#$
+  O!"#$!"# +H!O!"#$ G! = −0.05 eV,+0.48 eV  
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Figure A.1.28: DFT calculated reaction mechanism for MnO2 with H2OCUS and OHCUS. 
A) Reaction mechanism for HCHO oxidation aided by H2OCUS and OHCUS via formate 
reaction intermediate and B) Potential energy landscape of formaldehyde oxidation on the 
(110) surface of MnO2 surface with H2OCUS and OHCUS. The grey diagram showing the 
energy of bridging hydroxyl energy calculated in separate simulation cell to model low 
coverage reaction conditions (θlow) and the red diagram showing the energetics in the co-
adsorbed case to model high coverage reaction conditions (θhigh). Pink, manganese; blue, 
hydrogen; dark red, oxygen; grey, carbon. The equations and energetics for each step are 
reported in Reaction Scheme S8. 
 
 
Reaction Scheme A.18: Energetics of reaction of HCHO, HCHO, and O2 on surface with 
OHCUS via formate intermediate with hydrogen adsorption on the bridge site (OHBRI) 
computed using the same unit cell in red and different unit cells in grey to model high and 
low coverage scenarios. 
 
 

HCHO +O!"#$ + OH!"#$ + H!O!"#$
→ H!CO!"#$O− H!O!"#$  + OH!"#$ G! = −0.68 eV  

 
                 H!CO!"#$O−H!O!"#$  + OH!"#$ → HCO!"#$O−H!O!"#$ + H!O!"#$ G! =
−2.33 eV  
 

         HCO!"#$O−H!O!"#$+O!"#$ →  CO!"#$O +OH!"#$  G! = −2.38 eV,−1.56 eV   
 

  CO!"#$O → CO! + O!"#$!"# G! = −0.57 eV,−0.51 eV  
  

O! + O!"#$!"# +H!O!"#$ +H!O!"#$  → 2H!O+ O!"#$+O!"#$ + G! = +1.01 eV,+0.19 eV  
 

OH!"#$ + H!O+ O!"#$ → +O!"#$ + OH!"#$ + H!O!"#$ G! = −0.56 eV,−0.62 eV  
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Figure A.1.29: Proposed reaction mechanism for HCHO oxidation via bidentate formate, 
carbonate, and monodentate formate-mediated pathways. 
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A.2: Supplementary Data for Chapter 3

Figure A.2.1: Crystal structure of manganese oxides. A) Structures of the β-
MnO2, γ, ε, α, δ, Mn2O3, Mn3O4, and MnO manganese oxides used in this study. 
The γ, α, and δ-MnOx manganese oxides contain water, alkali metals, and 
hydroxyl species while ε-manganese oxides contains water and hydroxyl species, 
B) XRD for all the oxides to confirm the crystal structures.  
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Figure A.2.2: XAS of manganese oxides. A) Derivative of the XAS spectrum from 
Figure 1A used to obtain the first inflection point for calibration of manganese valence 
for the different manganese oxide catalysts and B) Normalized pre-edge region X-ray 
absorption spectrum for the different manganese oxides. The pre-peak positions are 
reported in Table S1. 
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Table A.2.1: Pre-edges and inflection positions for the different manganese oxide 
catalysts obtained from the XAS spectrum in Figure 1A and Figure S2B. The formal 
valence was estimated by calibrating the formal valence of reference compounds (MnO, 
Mn3O4, Mn2O3, β-MnO2) versus the inflection point from Figure S2A of the different 
oxides. 

Oxide Pre-Edge Peaks 

(eV) 

Inflection Point   

(eV) 

Formal Valence 

(eV) 

MnO 6540.36 6544.47 2 

Mn3O4 6540.55 6546.75 2.66 

Mn2O3 6540.72 6548.31 3 

δ-MnOx 6540.96, 6542.75 6551.4 3.40 

α-MnOx 6541.14, 6542.81 6550.25 3.50 

ε-MnOx 6541.07, 6542.89 6550.99 3.65 

γ-MnOx 6541.26, 6542.81 6551.82 3.74 

β-MnO2 6540.96, 6542.93 6552.50 4 

 
 

 

 

 

 

 

 



	

	 221 

 

 
Figure A.2.3: XPS of manganese oxides.  A) XPS Mn 3s spectrum of β-MnO2, γ, ε, α, δ-MnOx, Mn3O4, 
Mn2O3, and MnO manganese oxides used in this study showing the increase in the Mn 3s peak splitting from 
β-MnO2 to MnO, and B) Orbital configuration showing that the Mn 3s peak splitting is proportional to 2S+1 
where S is the spin of the manganese 3d orbital. For ideal Mn4+, Mn3+, and Mn2+ with S = 3/2, 2, 5/2 the 
expected peak splitting is 4, 5, and 6 respectively, C) Linear trend of 3s peak splitting versus the formal 
valence previously developed was used to map the 3s peak splitting obtained from XPS (Mn Formal Valence 
= (7.95- Δ 3s)/ 0.85061).1 
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Table A.2.2: XPS Mn 3s peak splitting for all the oxides and the manganese formal 
valence estimated. 
 
 

Oxide Δ3s (eV) Formal Valence 

MnO 5.98 2.30 

Mn3O4 5.59 2.76 

Mn2O3 5.42 2.97 

δ-MnOx 4.79 3.71 

α-MnOx 4.74 3.77 

ε-MnOx 4.69 3.83 

γ-MnOx 4.67 3.85 

β-MnO2 4.52 4.03 
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Figure A.2.4: Correlation between the manganese 3s peaks splitting (Δ3s) obtained from 
XPS (Figure A.2.3A) and the manganese K-edge center of gravity obtained from XAS 
(Figure 1B) suggesting that both techniques can be used to obtain manganese valence.  
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Figure A.2.5: Correlation between the A) surface species content (surface oxygen and 
hydroxyl) and the manganese formal valence estimated using XAS showing a volcano 
type trend and B) a linear trend for structural oxygen content measured using TGA versus 
the manganese formal valence obtained using XAS.  
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Figure A.2.6: EXAFS of the manganese oxides used in this study showing the peak 
positions and relative contributions of the Mn-O, Mn-Mn (edge), and Mn-O (corner) 
vectors.   
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Table A.2.3: EXAFS data of the catalysts showing the peak positions for the of Mn-O, 
Mn-Mn (corner), and Mn-Mn (edge) vectors. 

 

Oxide Mn-O(Å) Mn-O (Edge)(Å) Mn-Mn 
(corner)(Å) 

MnO 1.82 2.68 3.49 

Mn3O4 1.77 2.32 3.18 

Mn2O3 1.55 2.62 - 

δ-MnOx 1.76 2.41 3.22 

α-MnOx 1.77 2.36 3.03 

ε-MnOx 1.73 2.32 3.09 

γ-MnOx 1.77 2.31 3.03 

β-MnO2 1.73 2.45 2.99 
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Figure A.2.7: Raman spectrum of the catalysts used in this study identifying the 
key γ1, γ2, and γ3 lattice vibration for the defective γ, ε, α, δ-MnOx catalysts. The 
characteristics vibrations are reported in Table A.2.4. 
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Table A.2.4: Characteristic Raman peaks of the 4 water containing manganese oxide 
peaks 
 
 

Catalyst ν1 

(cm
-1
) 

ν2 

(cm
-1
) 

ν3 

(cm
-1
) 

δ-MnOx 646 576 520 

α-MnOx 635 576 513 

ε-MnOx 646 572 513 

γ-MnOx 638 572 524 

 

 
 

Figure A.2.8: Trends of surface species content measured using TGA with surface area 
normalized A) HCHO adsorbed and B) CO2 generated. CO2 generated was calculated by 
normalizing the total amount of CO2 converted as a function of time in Figure 3B by the 
BET surface area (Table S4). HCHO adsorbed was calculated subtracting the CO2 
converted from the HCHO adsorbed from Figure 3A,B.   
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Table A.2.5: Peak positions of reaction intermediates in DRIFTS for the different 
manganese oxide catalyst  
 

 
 

 
 
 
 
 

Oxide DOM 
HCHOOoxide 
(cm-1) 

Carbonate 
COO2oxide

 

(cm-1) 

Formate 
HCOOoxide 
(cm-1) 

Surface 
Hydroxyl 
OHsurface 
(cm-1) 

Lattice 
Hydroxyl 
OHlattice 
(cm-1) 

Molecular 
Water 
(cm-1) 

MnO 920-1180 - - - 3285 - 

Mn3O4 920-1150 - 1575 - 3352 - 

Mn2O3 920-1170 1497 1586 - 3452 - 

δ-MnOx 920-1130 1524 1575 3600 3287 - 

α-MnOx 920-1140 1521 1565 3520 3289 - 

ε-MnOx 920-1100 1508 1583 3490 3390 - 

γ-MnOx 920-1110 1517 1566 3490 3390 - 

β-MnO2 920-1110 - 1584 - - - 
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Figure A.2.9: De-convolution of the bidentate formate (HCOOoxide) and carbonate peaks 
(COO2oxide) of DRIFTS for the different manganese oxides collected at the breakthrough 
point. For all the measurements, inlet HCHO gas composition of 20 ppm HCHO and 10% 
O2 with a flow rate of 200 ml min-1 was used at room temperature. Catalyst loading of 25 
mg with 25 mg KBr was used. MnO2 and MnO catalysts were ball milled in acetone for 
12 hr prior to the DRIFTS measurements to improve the surface area.     
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Figure A.2.10: Trends of surface species content measured using TGA with the 
fraction of bidentate formate (HCOOoxide) and carbonate (COO2oxide) reaction 
intermediates measured using DRIFTS and obtained from de-convolution of the 
DRFITS in Figure S9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

% Surface Species 

R
ea

ct
io

n 
In

te
rm

ed
ia

te
 F

ra
ct

io
n 

 

CO2Ooxide 

HCOOoxide 

0.0 3.0 6.0 9.0 12.0 



	

	 232 

 
 

 

Figure A.2.11: DRIFTS of room temperature HCHO adsorption showing the formation 
and growth of dioxymethylene (HCHOOoxide :1000-1200 cm-1), carbonate 
(COO2oxide:1500-1520 cm-1), and bidentate formate reaction intermediates 
(HCOOoxide:1565-1580 cm-1) with time for all oxides after room temperature HCHO and 
O2 adsorption. For all the measurements, inlet HCHO gas composition of 20 ppm HCHO 
and 10% O2 with a flow rate of 200 ml min-1 was used at room temperature. Catalyst 
loading of 25 mg with 25 mg KBr was used. MnO2 and MnO catalysts were ball milled in 
acetone for 12 hr prior to the DRIFTS measurements to improve the surface area.     
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Figure A.2.12: DRIFTS of room temperature HCHO adsorption in the O-H region 
showing decrease in intensity of surface hydroxyl (OHsurf : 3595-3610 cm-1 region for γ, 
δ, ε, α MnOx with increasing exposure time to the gas mixture. An increase in the lattice 
hydroxyl (OHoxide: 3000-3500 cm-1) was also observed for the Mn2O3. For all the 
measurements, inlet HCHO gas composition of 20 ppm HCHO and 10% O2 with a flow 
rate of 200 ml min-1 was used at room temperature and catalyst loading of 25 mg with 25 
mg KBr was used.  
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Figure A.2.13: Mass normalized reaction rates for the manganese oxides obtained from 
the light off curves in Figure 4A. For all the measurements, inlet HCHO gas composition 
of 20 ppm HCHO and 10% O2 with a flow rate of 200 ml min-1 was used at room 
temperature and catalyst loading of 25 mg. The catalyst was first exposed to 20 ppm 
HCHO and 10 % O2 at room temperature until breakthrough was achieved prior to 
heating up the sample. 
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Figure A.2.14: Trends for surface area normalized CO2 generation rate as a function of 
% surface species obtained from TGA for 30 °C, 45 °C, and 60 °C.                  
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Table A.2.6: BET surface area of the catalysts 
 

Catalyst Surface Area (m
2
/g) 

MnO 0.78 

Mn3O4 41 

Mn2O3 15 

δ-MnOx 101 

α-MnOx 57 

ε-MnOx 180 

γ-MnOx 21 

β-MnO2 0.3 

References 
 
1. Galakhov, V. R. et al. Mn  3 s  exchange splitting in mixed-valence manganites. 

Phys. Rev. B 65, 113102 (2002). 
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     A.3: Supplementary Data for Chapter 4 

 
 
Figure A.3.1: AP-XPS of the C 1s region obtained during cleaning of IrO2(110) surface under 
100 mTorr O2 to obtain a surface with minimum carbon contamination at 250 °C. C 1s spectra 
were collected at 735 eV. 
 

 
 
Figure A.3.2: AP-XPS of IrO2(110) at room temperature comparing as-prepared and clean 
surface obtained by cleaning the sample in 100 mTorr O2 at 250 °C and cooling down to 25 °C. 
C 1s spectra were collected at 735 eV. 
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Figure A.3.3: Survey spectrum of IrO2(110) collected at room temperature at 100 mTorr O2 after 
cleaning the surface at 250 °C under 100 mTorr O2 and cooling back to room temperature. 
Survey spectrum was collected at 735 eV.   
 

 
  

Figure A.3.4: Representative peak fitting Ir 4f region. Peak fitting for Ir 4f  region with the 
higher binding energy features for Ir 4f spectrum identified as Ir

CUS7/2 
at 62.4 eV and Ir

CUS5/2 
 at 

65.4 eV while Ir
Bulk7/2

 at 61.8 eV and the corresponding Ir
Bulk5/2

 at 64.8 eV and the corresponding 
satellite features are assigned to the peaks at 63.3 eV (Ir

Bulk7/2 (Sat)
) and 66.1 eV (Ir

Bulk5/2 (Sat)
) 

respectively. Spectra were collected at room temperature under 100 mTorr O2 and source energy 
350 eV was used for Ir 4f. All intensities are fitted after background subtraction.  
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Table A.3.1: Fitting parameters of O 1s spectra with details of line shape, position, and fwhm 
constraints shown. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Table A.3.2: Fitting parameters and constraints for the Ir 4f spectra with details of line shape, 
position, and FWHM constraints shown. Fitting parameters have been adapted from refs. [1,2] 
with modifications.  
 
 

Species Position (eV) FWHM (eV) Line Shape Constraints 

IrBulk4f7/2 61.7 – 61.9 0.7 – 0.8 LF (0.375, 
1.65, 100) 

– 
 

IrBulk4f5/2 64.7 – 64.9 0.7 – 0.8 LF (0.375, 
1.65, 100) 

Position: IrBulk4f7/2+ 
3 eV, Area=0.75* 

IrBulk4f7/2; 

IrBulk4f7/2 (Sat) 63.2 – 63.4 3.5 – 3.7 GL(40) Area=0.13* 
IrBulk4f7/2; 

IrBulk4f5/2 (Sat) 66.2 – 66.4 3.5 – 3.7 GL(40) Position: IrBulk4f7/2 

(Sat) + 3 eV; 
Area=0.11* 
IrBulk4f7/2 (Sat) 

IrCUS4f7/2 62.2 – 62.4 0.7 – 0.8 LF (0.375, 
1.65, 100) 

– 

IrCUS4f5/2 65.2 – 65.4 0.7 – 0.8 LF (0.375, 
1.65, 100) 

Position: 
IrCUS4f7/24f7/2+ 3 
eV, Area=0.75* 

IrCUS4f7/2 
 
 
 
 
 
 
 

Species Position (eV) FWHM 
(eV) 

Line Shape 

OCUS 528.8 – 529 0.9 – 1.1 GL(30) 

OBulk 529.9 – 530.1 0.7 – 0.9 GL(30) 

OHBRI/OCH3 531.1 – 531.3 1.2 – 1.4 GL(10) 

OHCUS/HCOO 532.1 – 532.3 1.6 –1.8 GL(40) 

b-CO2 533.8 – 534 1.1 –1.3 GL(30) 
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Figure A.3.5: Calculated pDOS of Iridium states for IrBRI (violet), IrCUS (green), and IrBulk(grey) 
species showing increase in intensity closer to the Fermi edge for IrCUS species. Iridium DOS are 
calculated by summing up Ir d states for the respective species for IrO2(110) shown in Fig. 2A. 
 
 
 
 
Table A.3.3: Normalized intensities of OCUS and IrCUS species relative to the corresponding OBulk 
in Figs. 1 and 2.  

 

 
  
 
 
 
 
 

 
 

 

Reaction Condition OCUS  (Normalized) IrCUS (Normalized) 

As-prepared 0.03 0.00 

Clean 0.11 1.46 

100 mTorr CH3OH/200mTorrO2 0.00 0.00 

IrBulk 

IrBRI 

IrCUS 

Energy (E-Ef) 
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Figure A.3.6: Gas-phase CO2 spectra collected after retracting the sample in the AP-XPS 
chamber using source energy of A) 690 eV and B) 490 eV. Relative sensitivity factor (RSF) 
obtained using intensity of gas phase CO2 spectra measured at 490 eV and 690 eV as 2*(C 1s 
peakarea)/ (O 1s peakarea) = ~0.9.3 
 
 
 
 

Table A.3.4: Summary of peak de-convolution parameters for the C 1s spectra. 
  

Species  Position (eV) FWHM (eV) Line Shape 

C-C/CHX
4 284.7 – 284.9 1.2 – 1.4 GL(30) 

CH3O5 286.1 – 286.3 0.9 – 1.1 GL(30) 

HCOO6 287.1 – 287.4 1.1– 1.3 GL(30) 

 b-CO2
6                                                                                                                                                                                                                                                                                     288.1 – 288.4 1.0–1.2 GL(30) 
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Figure A.3.7: Normalized AP-XPS intensities of O 1s surface species, OHCUS/HCOO and b-CO2 
relative to OBulk as a function of temperature from 25 °C to 250 °C in the presence of 25 mTorr 
CH3OH-100 mTorr O2. Source energy of 690 eV was used for the O 1s spectrum. 
 
 

 
 

Figure A.3.8: AP-XPS difference spectrum under methanol-oxygen gas mixture upon heating. 
Low temperature methanol oxidation showing A) appearance and growth of OCUS species from 
25 °C to 250 °C as well as the loss of OHCUS, HCOO, CH3O species in the O 1s spectrum, B) 
appearance and growth of IrCUS species from 25°C to 250 °C in the Ir 4f spectrum. Source energy 
of 690 eV was used for the O 1s spectrum, while 350 eV was used for Ir 4f and valence band 
spectra. The total intensities of O 1s and Ir 4f have been normalized to the OBulk and IrBulk prior to 
obtaining the difference spectrum.  
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Figure A.3.9: Optimizing a cleaning procedure for IrO2 (110) thin films to study CH4 activation 
by A) minimizing the amount of carbonaceous reaction intermediates seen in the C 1s spectrum 
and B) avoiding surface reduction of IrO2 (Ir4+) leading to the formation of metallic Ir (Ir0) as a 
function of final cooling temperature (20, 100, 150, and 200 °C) in the Ir 4f spectrum after 
cleaning at 250 oC. A relatively carbon-free surface was identified at 125 oC under UHV 
conditions after a tradeoff between carbon contamination and surface reduction at different 
temperatures. Source energy of 490 eV was used for the C 1s spectra, and 350 eV was used for Ir 
4f spectra. All intensities are plotted after background subtraction without normalization.  
 
 

 
Figure  A.3.10: C 1s spectrum for the reaction conditions of 10 mTorr O2 obtained after cleaning 
at 250 oC and cooling back to 125 oC and after introduction of 1 mTorr CH4-10 mTorr O2. Source 
energy of 490 eV was used for the C 1s spectrum. All intensities are plotted after background 
subtraction without normalization.  
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Figure A.3.11: A) AP-XPS spectrum of the C 1s region under 10 mTorr O2 in the temperature 
range 125 °C and 250 °C after initial exposure to 1 mTorr CH4-10 mTorr O2 at 125 °C and B) 
Comparison of total C 1s intensities for the reaction conditions of 1 mTorr CH4 -10 mTorr O2 
and 10 mTorr O2 showing an increase in intensity for the reaction condition containing CH4 
while no such increase was seen for the oxygen only case. This result suggests that methane 
activation was achieved between 125 °C and 175 °C. Source energy of 490 eV was used for the 
C 1s spectrum. All intensities are plotted after background subtraction without normalization.  
 

 
Figure A.3.12: Normalized AP-XPS intensities of C 1s surface species, CH3O, HCOO and O 1s 
surface species, OCUS, OHBRI/CH3O, OHCUS/HCOO, and Ir 4f surface, IrCUS, relative to the 
respective OBulk intensity as a function of temperature from 125 °C to 425 °C in the presence of 
1mTorr CH4-10 mTorr O2. 
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Figure A.3.13: Difference spectra for methane oxidation reaction conditions under 1 mTorr CH4 
-10 mTorr O2 showing A) appearance and growth of OCUS species from 125 °C to 425 °C as well 
as the loss of OHBRI/CH3O (531.1 eV) and OHCUS/HCOO (532.1 eV) in the O 1s spectrum, B) 
appearance and growth of IrCUS species (62.3 eV) from 225°C to 425°C in the Ir 4f spectrum. 
Source energy of 690 eV was used for the O 1s spectrum, while 350 eV was used for Ir 4f 
spectra. The intensities of O 1s and Ir 4f have been normalized to the OBulk and IrBulk respectively 
prior to spectrum difference.  
 
 

 
Figure A.3.14: Valence band spectrum under methane oxidation reaction conditions of 1 mTorr 
CH4 -10 mTorr O2 showing increase in intensity closer to the Fermi edge corresponding to 
OCUS/IrCUS species and decrease of intensity away from the edge with increase in temperature 
from 125 °C to 425 °C. Source energy of 350 eV was used for valence band spectra collection.   
 
 
 
 

B. A. 

425 °C 

Difference Difference 

125 °C 

425 °C 

Binding Energy (eV) 

In
te

ns
ity

 (a
.u

.) 

Binding Energy (eV) 

In
te

ns
ity

 (a
.u

.) 

125 °C 

125 °C 

425 °C 

Binding Energy (eV) 

In
te

ns
ity

 (a
.u

.)  O
C

U
S

/Ir
C

U
S

 



 

	 246 

 
 
Figure A.3.15: A) XRD pattern of the rutile Iridium oxide and Iridium oxide with 2 different 
water contents, IrO2⋅0.5H2Oand IrO2⋅1.5H2O,B) Ir 4f spectral region with higher IrCUS for the 
IrO2⋅0.5H2O and IrO2⋅1.5H2O, C) O 1s spectrum showing larger carbonaceous and hydroxyl 
related peaks (531-534 eV) for the IrO2⋅0.5H2O and IrO2⋅1.5H2O compared to rutile IrO2, D) TG 
mass loss showing the highest mass loss for the IrO2⋅1.5H2O and negligible mass loss for rutile 
IrO2. XPS spectra were collected using lab source XPS with source energy of 1100 eV. 
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Figure A.3.16: Reactor data for CH3OH conversion (%) to HCOOCH3, HCHO, and CO2 for A) 
IrO2⋅0.5H2O, B) IrO2⋅1.5H2O as a function of time at room temperature. %Conversion to CO2 is 
defined as 100*(CO2ppm,out/CH3OHppm,in, to HCHO is defined as 100*(HCHOppm,out/CH3OHppm,in; 
and to HCOOCH3 is defined as 100*( HCOOCH3ppm,out/CH3OHppm,in; Catalyst loading of 50 mg, 
inlet flow rate of 150 ml min-1, and gas concentration of 70 ppm CH3OH/560 ppm O2 was used 
for all the measurements. 
 
 

 
 
Figure  A.3.17: Reactor data for CH3OH conversion (%) to HCOOCH3, HCHO, and CO2 for A) 
IrO2⋅0.5H2O, B) IrO2⋅1.5H2O, and C) IrO2 catalysts with and without 0.3% H2O (square) in the 
gas stream as a function of temperature. %Conversion to CO2 is defined as 
100*(CO2ppm,out/CH3OHppm,in; to HCHO is defined as 100*(HCHOppm,out/CH3OHppm,in; and to 
HCOOCH3 is defined as 100*(HCOOCH3ppm,out/CH3OHppm,in; Catalyst loading of 50 mg, inlet 
flow rate of 150 ml min-1 , and gas concentration of 70 ppm CH3OH/560 ppm O2 was used for all 
the measurements. 
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Figure A.3.18: A) Reaction mechanism for selective methanol (CH3OH) oxidation to methyl 
formate (HCOOCH3) with higher OCUS coverage and B) reaction mechanism for selective 
methanol (CH3OH) oxidation to formaldehyde (HCHO) formation with lower OCUS coverage. 
 
 

         
 
Figure A.3.19: DRIFTS of IrO2⋅1.5H2O upon exposure to 70 ppm CH3OH and 560 ppm O2 at 
room temperature in the 900-1900 cm-1 region showing the formation of methoxy (CH3O, 1100 
cm-1), and formate (HCOO, 1565 cm-1) reaction intermediates.  
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Figure  A.3.20: A) DRIFTS of IrO2⋅1.5H2O upon exposure to CH4 at 20, 150, and 250 ° in the 
900-1900 cm-1 region showing the formation of formate (HCOO, 1565 cm-1) and methoxy 
(CH3O, 1110 cm-1) reaction intermediate. 

 
 

 
Figure A.3.21: A) Complete light off profile for CH4 conversion to CO2 for the three catalysts, 
IrO2⋅0.5H2O, IrO2⋅1.5H2O, and IrO2 with and without 0.3% H2O in the gas stream in the 
temperature range of 25-300 °C and B) Arrhenius-type mass normalized CH4 oxidation reaction 
rates for the IrO2⋅0.5H2O, IrO2. ⋅1.5H2O, IrO2 with and without 0.3% H2O added to the gas 
stream. Catalyst loading of 50 mg, inlet flow rate of 150 ml min-1, and gas concentration of 35 
ppm CH4/ 350 ppm O2 was used for all the measurements 
 
. 
 

A
bs

or
ba

nc
e 

(a
.u

.) 

H
C

O
O

 

C
H

4 

C
H

3O
 

Wavenumber (cm-1) 

35 ppm CH4/350ppm O2 
A. B. 35 ppm CH4/350ppm O2 

1000/T(K-1) 

R
ea

ct
io

n 
R

at
e 

(m
ol

 m
2  g

-1
) 

C
on

ve
rs

io
n(

%
) 

Temperature (°C) 

IrO2⋅0.5H2O 

IrO2⋅1.5H2O 

IrO2 IrO2/0.3%H2O 

IrO2⋅1.5H2O 

IrO2⋅0.5H2O 

IrO2 

IrO2/0.3%H2O 



 

	 250 

 
Table A.3.5: BET surface area of the IrO2 powders  

 

 
 
 
 
 

         

 
 
Figure A.3.22: Reaction mechanism for CH4 oxidation to CO2 centered on OCUS sites via the 
formation of CH3O, HCOO-, and b-CO2 reaction intermediates. 
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Figure A.3.23: C 1s collected at 490 eV at 5 min (light grey), 15 min (dark grey), and 20 min 
(black) intervals showing minimum change in speciation as a function of time suggesting no 
beam damage effects. 
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    A.4: Supplementary Data for Chapter 5 

  
Figure A.5.1: Free energy of first hydrogen removal from CH3OH. A) Free energy of 
dissociative adsorption energy of CH3OH adsorption via O-H bond scission on the Co surface 
site (CH3O-B, dark green, BO2 + CH3OH→ CH3O-B + H-Ooxide), on surface oxygen site (CH3O-
Ooxide, dark orange, BO2 + CH3OH→ CH3O-Ooxide + H-Ooxide), C-H bond dissociation with 
carbon bound to surface oxygen and oxygen bound to surface Co site, (B-OHCH2-Ooxide, dark 
brown, BO2 + CH3OH→ B-OHCH2-Ooxide + H-Ooxide), C-O bond dissociation on Co surface site 
(CH3-B, blue, BO2 + CH3OH→ CH3-B + HO-B), B) via O-H bond scission on under-coordinated 
surface Co site (CH3O-Buc, green, BO2 + CH3OH → CH3O-Buc + H-Ooxide+ ½O2), via O-H bond 
scission on surface oxygen vacancy site (CH3O-Ovac, orange, BO2 + CH3OH → CH3O-Ovac + H-
Ooxide + ½O2), via C-O bond scission on under-coordinated cobalt surface site (CH3-Buc,  dark 
blue, BO2 + CH3OH→ CH3-Buc + H-Ooxide+ ½O2), C-H bond dissociation with carbon bound to 
lattice oxygen and oxygen bound to adjacent  under-coordinated Co site, (Buc-OHCH2-Ooxide, 
brown, BO2 + CH3OH→ Buc-OHCH2-Ooxide + H-Ooxide+ ½O2), as a function of the surface O 2p-
band center relative to the Fermi level. Data points were obtained from the BO2-terminated (001) 
surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 0.75, and 1.00). Adsorption free 
energy is calculated with respect to the BO2 surface CH3OH and O2 in the gas phase (T = 100 °C, 
pCH3OH = 100 mTorr and pO2 = 20 mTorr). Oxygen: red, cobalt: grey, lanthanum/strontium: 
green, carbon: dark blue, hydrogen: white are used for the atomic structures of the 
configurations. 
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Table A.5.1: Reactions used to compute reaction free energies reported in Figure 1 and 
Supplementary Figure S1. 
 

Species Equation 

CH3-B BO2 + CH3OH→ CH3-B + HO-B  

CH3O-Ooxide BO2 + CH3OH→ CH3O-Ooxide + H-Ooxide 

B-OHCH2-Ooxide BO2 + CH3OH→ B-OHCH2-Ooxide + H-Ooxide 

CH3O-B BO2 + CH3OH→ CH3O-B + H-Ooxide 

CH3O-Ovac  BO2 + CH3OH → CH3O-Ovac + H-Ooxide + ½O2  

CH3O-Buc  BO2 + CH3OH → CH3O-Buc + H-Ooxide+ ½O2 

Buc-OHCH2-Ooxide  BO2 + CH3OH→ Buc-OHCH2-Ooxide + H-Ooxide+ ½O2 

CH3-Buc   BO2 + CH3OH→ CH3-Buc + H-Ooxide+ ½O2 
 
 
 
Table A.5.2: Bader charges of the surface adsorbed CH3OH species on LaCoO3.  
 

Species Bader Charge 

CH3-B -0.19 

CH3O-Ooxide +0.65 

B-OHCH2-Ooxide +1.22 

CH3O-B +0.26 
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Figure A.5.2: Free energy of two hydrogens removal from CH3OH. A) Free energy of 
dissociative adsorption of CH3OH via O-H bond and C-H scission on the Co surface site (CH2O-
B, medium green, BO2 + CH3OH→ CH2O-B+ 2H-Ooxide), on surface oxygen site via O-H bond 
and C-H scission (CH2O-Ooxide, medium orange, BO2 + CH3OH→ CH2O-Ooxide + 2H-Ooxide), C-H 
bond and O-H scission with a carbon bound to surface oxygen and oxygen bound to surface 
cobalt site, (B-OCH2-Ooxide, medium brown, BO2 + CH3OH→ B-OCH2-Ooxide + 2H-Ooxide), B) on 
under-coordinated cobalt site via C-H and O-H bond scission (CH2O-Buc, light green, BO2 + 
CH3OH→ CH2O-Buc+ 2H-Ooxide + ½O2), on the surface oxygen vacancy site via O-H and C-H 
bond scission (CH2O-Ovac, light orange, BO2 + CH3OH→ CH2O-Ovac+ 2H-Ooxide + ½O2), C-H 
and O-H bond dissociation with carbon bound to surface oxygen site and oxygen bound to 
under-coordinated site, (Buc-OCH2-Ooxide, light brown, BO2 + CH3OH→ Buc-OCH2-Ooxide + 2H-
Ooxide + ½O2), as a function of the surface O 2p-band center relative to the Fermi level. Data 
points were obtained from the BO2-terminated (001) surface of La1-xSrxCoO3 with increasing Sr 
(x = 0.00, 0.25, 0.50, 0.75, and 1.00). Adsorption free energy is calculated with respect to the 
BO2 surface CH3OH and O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr and pO2 = 20 
mTorr). Oxygen: red, cobalt: grey, lanthanum/strontium: green, carbon: dark blue, hydrogen: 
white are used for the atomic structures of the configurations. 
 
 
Table A.5.3: Reactions used to compute reaction free energy reported in Figure 1 and 
Supplementary Figure S2. 
 

Species Equation 

CH2O-B BO2 + CH3OH→ CH2O-B+ 2H-Ooxide 

CH2O-Ooxide BO2 + CH3OH→ CH2O-Ooxide + 2H-Ooxide 



 

	 255 

B-OCH2-Ooxide, BO2 + CH3OH→ B-OCH2-Ooxide + 2H-Ooxide 

CH2O-Buc BO2 + CH3OH→ CH2O-Buc+ 2H-Ooxide + ½O2 

CH2O-Ovac BO2 + CH3OH→ CH2O-Ovac+ 2H-Ooxide + ½O2 

Buc-OC2-Ooxide, BO2 + CH3OH→ Buc-OCH2-Ooxide + 2H-Ooxide + ½O2 
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Figure A.5.3: Free energy of 3, 4 hydrogen removal from CH3OH. A) Free energy of adsorption 
of CH3OH via O-H and two C-H bond scission on surface oxygen and under-coordinated cobalt 
sites (Buc-OCH-Ooxide, light purple, BO2 + CH3OH→ Buc-OCH-Ooxide + 2H-Ooxide + H-Ooxide* 
+½O2), via O-H and two C-H bond scission on the surface oxygen and cobalt sites (B-OCH-
Ooxide, dark purple, BO2 + CH3OH→ B-OCH-Ooxide + 2H-Ooxide + H-Ooxide

*), complete 
dehydrogenation leading with carbon bound to the surface oxygen and oxygen bound to surface 
under-coordinated cobalt site (Buc-CO2-Ooxide, light red, BO2 + CH3OH→Buc-CO2-Ooxide +2H-
Ooxide + 2H-Ooxide

*), complete dehydrogenation with carbon bound to the surface oxygen and 
oxygen bound to cobalt surface site (B-CO2-Ooxide, dark red, BO2 + CH3OH+0.5O2→ B-CO2-
Ooxide +2H-Ooxide + 2H-Ooxide

*), complete dehydrogenation with carbon bound to the surface 
oxygen and oxygen bound to cobalt surface site (B-OCHO-Ooxide, dark yellow, 2BO2 + CH3OH+ 
½O2→ B-OCHO-Ooxide + 2H-Ooxide + 2H-Ooxide

*), B) Free energy of adsorption of CH3OH via C-
O and C-H bond scissions as a function of the surface O 2p-band center relative to the Fermi 
level. Only LaCoO3 surface has a stable CH-B (light blue, BO2 + CH3OH+→ CH-B + HO-B + 
2H-Ooxide) type configuration as seen in the stable atomic configuration. Data points were 
obtained from the BO2-terminated (001) surface of La1-xSrxCoO3 with increasing Sr (x = 0, 0.25, 
0.50, 0.75, and 1.00). Adsorption free energy is calculated with respect to the BO2 surface 
CH3OH and O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr and pO2 = 20 mTorr). 
Oxygen: red, cobalt: grey, lanthanum: green, strontium: neon green: dark blue, hydrogen: white 
is used for the atomic structures of the configurations. * Indicates that free energy of H-Ooxide 
reaction intermediate was calculated on a separate unit cell. 
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Table A.5.4: Reactions used to compute reaction free energy reported in Figure 1 and 
Supplementary  Figure S3. 

 
 
Table A.5.5: Comparison of hydrogen  adsorption on surface oxygen site with and on surface 
oxygen site with adjacent surface oxygen vacancy (Buc) for LaCoO3 and SrCoO3.  
 

Surface E (H-Ooxide) E(H-Ooxide-Buc) 

LaCoO3 -0.84 -0.77 

SrCoO3 -1.76 -1.36 

 

 
 

Figure A.5.4: A) La 4d and B) Sr 3d spectra of La1-xSrxCoO3 (x= 0.2, 0.4, and 0.6) thin films at 
room temperature under 100 mTorr CH3OH and 25 mTorr O2, and C) nominal versus expected 
Sr/La ratio content in the thin films. Sr/La ratio was estimated using the total integrated areas of 
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the Sr 3d and La 4d spectra in Figs. S4A, B after normalizing to photoionization cross-sections 
of 0.7 and 0.5 respectively.1  
 
 

 
 

Figure A.5.5: C 1s 490 eV spectra of La1-xSrxCoO3 (x = 0.0, 0.2, 0.4, and 0.6) thin films at room 
temperature prior to dosing of CH3OH and O2. Carbonaceous species were observed on the thin  
Film surface in the C 1s spectra are likely originating from trace background species in the AP-
XPS chamber. 
 

 
Figure A.5.6: Survey spectrum collected at 735 eV of La1-xSrxCoO3 (x = 0.0, 0.2, 0.4, and 0.6) 
thin films at room temperature under pCH3OH = 100 mTorr and pO2 = 20 mTorr. 
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Table A.5.6: Summary of peak deconvolution parameters used for the C 1s spectra. 
 

Species FWHM 
(eV) 

Binding Energy 
(eV) 

Gaussian-
Lorentzian 

CH3-Buc(C-C/CHx-) 1.2-1.4 284.8-285.1 30 
CH3O-Ovac (CH3O-) 1.2-1.4 285.8-286.1 30 

CH3OH (g) 0.5-0.7 287.6-286.7 30 
B-CO2-Ooxide (CO3-) 1.2-1.4 288.1-288.4 30 

B-OCOH-Ooxide (HCO3-) 1.2-1.4 290-290.3 30 
 

 

 
Figure A.5.7: AP-XPS of CH3OH and O2 on LaCoO3 thin film. A) Raw isobar spectrum of C 1s 
collected at 490 eV incident photon energy under pCH3OH = 100 mTorr and pO2 = 20 mTorr 
from T = 25°C–300 °C. B) Representative deconvolution of the C 1s 490 eV spectrum. 
Deconvoluted peaks are CH3-Buc (adventious, dark blue), CH3O-Ovac (methoxy, orange), B-CO2-
Ooxide (carbonate, dark red), B-OCOH-Ooxide (bicarbonate, dark yellow), and CH3OH (g) 
(unfilled). 
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Figure A.5.8: AP-XPS of CH3OH and O2 on La0.8Sr0.2CoO3 thin film. A) Raw isobar spectrum 
of C 1s collected at 490 eV incident photon energy under pCH3OH = 100 mTorr and pO2 = 20 
mTorr from T = 25°C–300°C. B) Representative deconvolution of the C 1s 490 eV spectrum. 
Deconvoluted peaks are CH3-Buc (adventious, dark blue), CH3O-Ovac (methoxy, orange), B-CO2-
Ooxide (carbonate, dark red), B-OCOH-Ooxide (bicarbonate, dark yellow), and CH3OH 
(g)(unfilled). 
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Figure A.5.9: AP-XPS of CH3OH and O2 on La0.4Sr0.6CoO3 thin film. . A) Raw isobar spectrum 
of C 1s collected at 490 eV incident photon energy under pCH3OH = 100 mTorr and pO2 = 20 
mTorr from T = 25°C–300°C. B) Representative deconvolution of the C 1s 490 eV spectrum. 
Deconvoluted peaks are CH3-Buc (adventious, dark blue), CH3O-Ovac (methoxy, orange), B-CO2-
Ooxide (carbonate, dark red), B-OCOH-Ooxide (bicarbonate, dark yellow), and CH3OH (g) 
(unfilled). 
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Figure A.5.10: Identification of the range of binding energy for carbonaceous species in the C 1s 
spectra as previously reported.2–8 Figure has been adapted and modified from ref.9. 
 
 

 
 
Figure A.5.11: O 1s spectra collected at 735 eV incident photon energy for La0.6Sr0.4CoO3 (x = 
0, 0.2, 0.4,0.6) at A) 25 °C, B) 100 °C, and C) 200 °C under pCH3OH = 100 and pO2 = 20 mTorr 
showing B-CO2-Ooxide (533 eV)10,11and CH3O-Ovac

53.31 (531.5 eV) reaction intermediates. 
Surface Sr species (531.9 eV)12 and other species such as SrO (529.7 eV)13and Sr(OH)2 (533 eV) 
13 have also been reported in the O 1s spectra but have not been explicitly identified here.  
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Figure A.5.12: Integrated peak intensity of adventious carbon, CH3-Buc (adventious, blue), 
species as a function of temperature from the C 1s 490 eV spectra from AP-XPS for the La1-

xSrxCoO3 thin films. AP-XPS integrated intensities error bars (standard deviations) were 
calculated by Monte Carlo simulation of the peak fitting. 
  

 
Figure A.5.13: Integrated peak intensity of CH3O-Ovac (methoxy, orange) species as a function 
of temperature from the C 1s 490 eV spectra from AP-XPS for the La1-xSrxCoO3 thin films. AP-
XPS integrated intensities error bars (standard deviations) were calculated by Monte Carlo 
simulation of the peak fitting. 
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Figure A.5.14: Integrated peak intensity of carbonate, B-CO2-Ooxide, (carbonate, dark red) 
species as a function of temperature from the C 1s 490 eV spectra from AP-XPS for the La1-

xSrxCoO3 thin films. AP-XPS integrated intensities error bars (standard deviations) were 
calculated by Monte Carlo simulation of the peak fitting. 
 
 

    
Figure A.5.15: Integrated peak intensity of bicarbonate, B-OCOH-Ooxide (bicarbonate, dark 
yellow) species as a function of temperature from the C 1s 490 eV spectra from AP-XPS for the 
La1-xSrxCoO3 thin films. AP-XPS integrated intensities error bars (standard deviations) were 
calculated by Monte Carlo simulation of the peak fitting. 
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Figure A.5.16: Role of Sr-substitution on AP-XPS surface speciation. Surface quantity of A) 
CH3-Buc (adventious, dark blue), and B) B-OHCO-Ooxide (bicarbonate, dark yellow) reaction 
intermediates as a function of surface O 2p-band center, where surface species quantity was 
determined by the counts per second (cps) after background subtraction for a range of 
temperatures. (T = 25, 50, 100, 150, 200, 250, and 300 °C) AP-XPS integrated intensities error 
bars (standard deviations) were calculated by Monte Carlo simulation of the peak fitting.   
 

 
Figure S17: Sr 3d spectra collected at 735 eV incident photon energy for La1-xSrxCoO3 (left: x = 
0.2, middle: x = 0.4, right: x = 0.6) in the temperature range of 25-275 °C. Minimal changes in 
the Srsurface (dotted) peaks for x = 0.2, and 0.4, while larger surface Sr enrichment was observed 
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for x = 0.6 are observed under pCH3OH = 100 and pO2 = 20 mTorr at the temperature ranges 
indicated is addressed via a Sr segregation model. SrSurface and SrLattice components are fitted with 
a separation of 1.8 eV and an intensity ratio of 3:2.1,14   
 
 
Details of Sr segregation model 
 
Strontium segregation on the surface of perovskites is a well-known phenomenon affecting both 
catalyst stability and performance.15 To model Sr segregation, we consider film thickness of 10 
nm (Figure. S5). We next assume that the surface Sr concentration follows an exponential decay 
profile as observed previously for La0.5Sr0.5CoO3

16 and La0.6Sr0.4CoO3
17 measured using low-

energy scattering spectroscopy (LEIS). We also assume that the surface Sr segregation levels off 
at ~5 nm16,17 and the Sr composition becomes the same as the bulk composition (SrBulk= 0.6). 
Next, to estimate the extent of Sr surface segregation, we first calculate the inelastic mean free 
path (IMFP) of the photoelectrons in AP-XPS (grey region in Fig. S5) as 1.5 nm for 735 eV  
using the NIST Standard Reference Database 71 “NIST Electron Inelastic-Mean Free Path 
Database” version 1.2”.14 Next, the average composition of the grey region was calculation using 
the intensity ratios of Sr 3d and La 4d peak regions and was estimated to be 0.72. (Fig. S4) Based 
on the penetration depth of AP-XPS (grey in Figure. S5) and the average Sr composition, we 
estimate the Sr concentration profile with a maximum of 0.81 at the surface which is in 
agreement with previously reported maximum Sr composition s for LaxSr1-xCoO3.16,17 Finally, to 
estimate the relative compositions of SrSurface and SrLattice species, we assume an average 
SrSurface/SrLattice ratio of 1.88 (obtained from Sr 3d) for La0.6Sr0.4CoO3 in the 25 - 250 °C 
temperature range. We then calculate the Srsurface to be ~0.7 nm thick and the Srlattice to be ~0.8 
nm thick. 
 

 
Figure A.5.18: A) Surface Sr segregation model for La0.6Sr0.4CoO3 and B) estimated SrSurface 
content using a linear correlation between the O 2p-band center and x in La1-xSrxCoO3. 
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Figure A.5.19: CH3OH oxidation activity shown as %conversion to HCHO and CO2 as a 
function of temperature for SrO conducted in a flow reactor. The percentage conversion of 
CH3OH oxidation was calculated by determining the percentage of inlet CH3OH reacted during 
the course of the reaction, which can be calculated by the formula, % Conversion = 100*((CO2/ 
HCHOppm, out)/CH3OHppm, in), where CH3OHppm, in was the total concentration of the initial 
CH3OH reactant and CO2/HCHOppm, out was the concentration of CO2/HCHO gases observed 
after reaction with the catalyst. Catalyst loading of 750 mg, inlet CH3OH flow rate of 150 ml 
min-1, and gas concentration of 30 ppm CH3OH- 3% O2 was used for all the measurements. SrO 
was prepared after calcining SrCO3 (Sigma Aldrich, 99.99%) at 1200 °C for 24 hrs. 
 
 

 

Figure A.5.20: CH3OH oxidation activity shown as %conversion to A) CO2, B) HCHO, and C) 
CO as a function of temperature for the La1-xSrxCoO3 (x = 0-0.6) series conducted in a flow 
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reactor. The percentage conversion of CH3OH oxidation was calculated by determining the 
percentage of inlet CH3OH reacted during the course of the reaction, which can be calculated by 
the formula, % Conversion = 100*((CO2/HCHO/COppm, out)/CH3OHppm, in), where CH3OHppm, in 
was the total concentration of the initial CH3OH reactant and CO2/HCHO/COppm, out was the 
concentration of CO2/HCHO/CO gases observed after reaction with the catalyst. Catalyst loading 
of 750 mg, inlet CH3OH flow rate of 150 ml min-1, and gas concentration of 70 ppm CH3OH-20 
ppm O2 was used for all the measurements.  
 

 
 
Figure A.5.21: Co 3p spectra collected at 735 eV incident energy A) LaCoO3, B) La0.8Sr0.2CoO3, 
C) La0.6Sr0.4CoO3, and D) La0.4Sr0.6CoO3 in the temperature range of 25-275 °C under pCH3OH 
= 100 and pO2 = 20 mTorr showing no appearance of Co 3p satellite peaks (Co 3psat) which is 
indicative of reduced cobalt species.18  
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Figure A.5.22: A) CH3OH oxidation activity shown as conversion to CO2 as a function of 
temperature, B) Arrhenius type plots for CO2 formation rate (mol s-1 g-1 m-2) obtained by plotting 
for La1-xSrxCoO3, C) CH3OH selectivity towards CO2 at 125, 145, 175, and 200 °C, as a function 
of x in La1-xSrxCoO3. % Conversion = 100*(CO2ppm, out)/(CH3OH ppm, in), where CH3OH ppm, in was 
the concentration of the initial CH3OH reactant and CO2ppm, out was the concentration of CO2 
gases observed after reaction with the catalyst. % Selectivity = 100*((CO2ppm, out)/ (CO2ppm, out 
+HCHO ppm, out)), where CH3OH ppm, in was the total concentration of the initial CH3OH reactant 
and CO2ppm, out, HCHO ppm, out was the concentration of HCHO and CO2 gases observed after 
reaction with the catalyst. CO2 formation rate was determined using the formula, 𝑟!"#$%&'"( =
  !!"## . !"!!  

  !! 
 {    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
} , Where mass activity was estimated using the formula, 

𝑟!"## =
  % !!"#$%&'!". !!"!!"  

!.  !! .  !!"#   
 {   !".  !"#!!

 !.  !"#!!.  ! 
}, For  % conversion less than 12.5% obtained for the 

La1-xSrxCoO3 (x = 0-0.6) series conducted in a flow reactor. Catalyst loading of 750 mg, inlet 
CH3OH flow rate of 150 ml min-1 and gas concentration of 70 ppm CH3OH-8% O2 was used for 
all the measurements. 
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Figure A.5.23: A) Arrhenius type plots for HCHO formation rate (mol s-1 g-1 m-2) for La1-

xSrxCoO3 (x = 0-0.6) and B) HCHO selectivity as function of temperature for La1-xSrxCoO3 
(x=0-0.6). % Selectivity is defined as 100*(HCHOppm, out)/ (CO2ppm, out +HCHO ppm, out), where 
CO2ppm, out and HCHO ppm, out are the concentrations of HCHO and CO2 gases observed after 
reaction with the catalyst. HCHO formation rate activity was determined using the formula, 
𝑟!"#$%&'"( =

  !!"## . !"!!  
  !! 

 {    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
}, Where mass activity was estimated using the 

formula, 𝑟!"## =
  % !!"#$%&'!". !!"!!"  

!.  !! .  !!"#   
 {   !".  !"#!!

 !.  !"#!!.  ! 
}, For  % conversion less than 12.5% obtained 

for the La1-xSrxCoO3 (x = 0-0.6) series conducted in a flow reactor.  Catalyst loading of 750 mg, 
inlet CH3OH flow rate of 150 ml min-1 and gas concentration of 70 ppm CH3OH-8% O2 was 
used for all the measurements. 
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Figure A.5.24: A) Arrhenius type CH3OH conversion rate (mol s-1 g-1 m-2) plots for La1-

xSrxCoO3 and B) CH3OH conversion rates (mol s-1 g-1 m-2) obtained at 90, 120, and 150 °C from 
A) as a function of x in La1-xSrxCoO3 (x=0-0.6). CH3OH conversion rates were determined using 
the formula, 𝑟!"#$%&'"( =

  !!"## . !"!!  
  !! 

 {    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
}, Where mass activity was estimated 

using the formula, 𝑟!"## =
  % !!"#$%&'!". !!"!!"  

!.  !! .  !!"#   
 {   !".  !"#!!

 !.  !"#!!.  ! 
}, For  % conversion less than 12.5% 

for the La1-xSrxCoO3 (x = 0-0.6) series conducted in a flow reactor. The percentage conversion of 
CH3OH oxidation was calculated by determining the percentage of inlet CH3OH reacted during 
the course of the reaction, which can be calculated by the formula, % Conversion = 100*( 
CO2ppm, out +HCHO ppm, out)/CH3OHppm, in), where CH3OH ppm, in was the total concentration of the 
initial CH3OH reactant and CO2ppm, out, HCHO ppm, out was the concentration of CO2 and HCHO 
gas observed after reaction with the catalyst. Catalyst loading of 750 mg, inlet CH3OH flow rate 
of 150 ml min-1 and gas concentration of 70 ppm CH3OH-8% O2 was used for all the 
measurements. 
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Figure A.5.25: A) Proposed reaction mechanism CH3OH selective oxidation to HCHO 
occurring on the surface Co site via O-H bond scission of CH3OH to form CH3O-B (Step 1), 
followed by dehydrogenation of CH3O-B to adsorbed CH2O-B (Step 2), desorption of CH2O-B to 
HCHO (Step 3). Following desorption of HCHO, H2O desorption and oxygen adsorption occurs 
to complete the catalytic cycle (Step 4). B) Computed Gibbs free energy profile on LaCoO3 
(x=0.00), La0.5Sr0.5CoO3 (x=0.50), and SrCoO3 (x=1.00) for the proposed reaction mechanism on 
the metal site. C) Trends in Gibbs free energy for the reaction steps (Steps 1-4) as a function of 
the surface O 2p-band center relative to the Fermi level. Data points were obtained from the 
BO2-terminated (001) surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 0.75, and 
1.00). Adsorption and desorption free energy is calculated with respect to the BO2 surface and 
CH3OH, HCHO, H2O, and O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, pO2 = 20 
mTorr, pHCHO = 1 mTorr , and pH2O= 1 mTorr) 

      
Figure A.5.26: A) Proposed reaction mechanism CH3OH selective oxidation to HCHO 
occurring on surface oxygen site via O-H bond scission of CH3OH to form CH3O-Ooxide (Step 1), 
followed by dehydrogenation of CH3O-Ooxide to CH2O-Ooxide (Step 2), desorption of CH2O-Ooxide 
to HCHO (Step 3). Following desorption of HCHO, H2O desorption and oxygen adsorption 
occurs to complete the catalytic cycle (Step 4). B) Computed Gibbs free energy profile on 
LaCoO3 (x=0.00), La0.5Sr0.5CoO3 (x=0.50), and SrCoO3 (x=1.00)  for the proposed reaction 
mechanism on the oxygen site. C) Trends in Gibbs free energy for the reaction steps (Steps 1-4) 
as a function of the surface O 2p-band center relative to the Fermi level. Data points were 
obtained from the BO2-terminated (001) surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 
0.25, 0.5, 0.75, and 1.00). Adsorption and desorption free energy is calculated with respect to the 
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BO2 surface and  CH3OH, HCHO, H2O, and O2 in the gas phase (T = 100 °C, pCH3OH = 100 
mTorr, pO2 = 20 mTorr, pHCHO = 1 mTorr, and pH2O= 1 mTorr) 
 

 
Figure A.5.27: A) Proposed reaction mechanism CH3OH selective oxidation to HCHO 
occurring in a bidentate configuration on both the surface Co and oxygen sites via O-H bond 
scission of CH3OH to form B-OHCH2-Ooxide(Step 1), followed by dehydrogenation of B-
OHCH2-Ooxide to B-OCH2-Ooxide (Step 2), desorption of B-OCH2-Ooxide to HCHO (Step 3). 
Following desorption of HCHO, H2O desorption and oxygen adsorption occurs to complete the 
catalytic cycle (Step 4). B) Computed Gibbs free energy profile on LaCoO3 (x=0.00), 
La0.5Sr0.5CoO3 (x=0.50), and SrCoO3 (x=1.00) for the proposed reaction mechanism. C) Trends 
in Gibbs free energy for the reaction steps (Steps 1-4) as a function of the surface O 2p-band 
center relative to the Fermi level. Data points were obtained from the BO2-terminated (001) 
surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.5, 0.75, and 1.00). Adsorption and 
desorption free energy is calculated with respect to the BO2 surface and CH3OH, HCHO, H2O, 
and O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, pO2 = 20 mTorr, pHCHO = 1 
mTorr, and pH2O= 1 mTorr) 

 

 
Figure A.5.28. Trends in Gibbs free energy for the reaction steps (Steps 1-4) for selective 
HCHO formation as a function of the surface O 2p-band center relative to the Fermi level for the 
reaction mechanism described in Fig. 4. Data points were obtained from the BO2-terminated 
(001) surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 0.75, and 1.00). 
Adsorption and desorption free energy is calculated with respect to the BO2 surface and  
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CH3OH,HCHO, H2O, and  O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, pO2 = 20 
mTorr, pHCHO = 1 mTorr, and pH2O= 1 mTorr) 
 
 

 
Figure A.5.29: A) Proposed reaction mechanism CH3OH selective oxidation to HCHO 
occurring on the under coordinated cobalt site via O-H bond scission of CH3OH to form CH3O-
Buc after oxygen vacancy formation (Step 1), followed by dehydrogenation of CH3O-Buc to 
adsorbed CH2O-Buc (Step 2) and dehydrogenation of CH2O-Buc as HCHO (Step 3). Following 
desorption of HCHO, oxygen adsorption and H2O desorption occur to complete the catalytic 
cycle (Step 4), B) Computed Gibbs free energy profile on LaCoO3(x = 0.00), La0.5Sr0.5CoO3 (x = 
0.50), and SrCoO3 (x = 1.00) for the proposed reaction mechanism on the under coordinated 
cobalt site, C) Trends in Gibbs free energy for the reaction steps (Step 1-4) as a function of the 
surface O 2p-band center relative to the Fermi level. Data points were obtained from the BO2-
terminated (001) surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 0.75, and 
1.00). Adsorption and desorption free energy is calculated with respect to the BO2 surface and  
CH3OH, HCHO, H2O, and  O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, pO2 = 20 
mTorr, pHCHO = 1 mTorr, and pH2O = 1 mTorr) 
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Figure A.5.30: Oxygen reaction order studies on LaCoO3 and La0.4Sr0.6CoO3. Effect of oxygen 
concentration on A) HCHO formation rate, B) CO2 formation rate, and C) methanol 
consumption rate at 150 °C for the oxygen concentration range of 20 ppm-8%O2 for the LaCoO3 
and La0.4Sr0.6CoO3 catalysts. Formation rates for HCHO and CO2 and conversion rate for 
CH3OH were determined using the formula, 𝑟!"#$%&'"( =

  !!"## . !"!!  
  !! 

 {    !".  !"#!!

 !.  !"#!!.   ! .  !!. !!! 
}, 

where mass activity was estimated using the formula, 𝑟!"## =
  % !!"#$%&'!". !!"!!"  

!.  !! .  !!"#   
 {   !".  !"#!!

 !.  !"#!!.  ! 
}, 

for CH3OH% conversion less than 12.5% obtained. Catalyst loading of 750 mg, inlet CH3OH 
flow rate of 150 ml min-1, and gas concentration of 70 ppm CH3OH-(20 ppm- 8%) O2 was used 
for the measurements.  
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Table A.5.7: Elementary reaction steps and rate/equilibrium constants for CH3OH oxidation to 
HCHO and CO2 
 
Step Elementary reaction step Rate and equilibrium 

constant 
1.1 CH3OH + Ovac+ Ooxide⟶ CH3O-Ovac + H-Ooxide k1.1 
1.2 CH3OH + B + Ooxide + Ooxide⟶ B-OHCH2-Ooxide  + H-Ooxide k1.2 
2.1 CH3O-Ovac + Ooxide ⟶ CH2O-Ovac + H-Ooxide k2.1 
2.2 B-OHCH2-Ooxide  + Ooxide ⟶ B-OCH2-Ooxide  + H-Ooxide k2.2 
3.1 CH2O-Ovac ⟶ HCHO+ Ovac k3.1 
4.1 2H-Ooxide⟶ H2O+ Ovac+ Ooxide k6 
3.2 B-OCH2-Ooxide  + Ooxide ⟶ B-OCH-Ooxide  + H-Ooxide k3.2 
5.1 B-OCH-Ooxide  + Ooxide ⟶ B +Ovac + CO2+ H-Ooxide k4.1 
5.2 B-OCH-Ooxide  + Ooxide+0.5O2 ⟶ B-CO2-Ooxide  + H-Ooxide k4.2 
6 B-CO2-Ooxide ⟶ B+CO2+Ooxide   k5 
7 2H-Ooxide⟶ H2O+ Ovac+ Ooxide k6 
8 O2+ 2Ovac ⟶2Ooxide k7 
 
Micro kinetic model in low oxygen concentration regime 
 
At low oxygen concentrations (20 ppm-1%), as we observed an increasing reaction rate with 
increasing oxygen concentration in Fig. S31, we considered the relevant oxygen dissociation step 
7,19   
 

r! =
k! O! [O!"#]!

[θ!]!
 

 
θ! = O!"# + O!"#$% + HO!"#$% + 𝐵 + CH!O− O!"# + CH!O− O!"#

+ 𝐵 − OHCH! − O!"#$% + 𝐵 − OCH! − O!"#$% + 𝐵 − OCH− O!"#$%
+ 𝐵 − CO! − O!"#$%  

 
Approximating θ! ~ O!"# , as oxygen vacancies are the dominant surface species under low 
oxygen concentrations, 

r! ≅ k! O!  
 
 
Micro kinetic model in high oxygen concentration regime 
 
At higher oxygen concentrations (1-8%), as we observed an increasing reaction rate with 
increasing oxygen concentration, and we considered the relevant oxygen dissociation step,19 
 
 

r!.! =
k!.! CH!OH [O!"#][O!"#$%]

[θ!]!
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d[O!"#$%]

𝑑𝑡 = 0 = 2k! − k!.! = 2k! O! [O!"#]! − 2k!.! CH!OH O!"# [O!"#$%] 
 
Solving for [O!"#$%], 

[O!"#$%]
[O!"#]

=
k! O!

k!.! CH!OH
 

 

 
Using the derived expression for [O!"#$%] into r!.!, 
 

 r!.! =
!! !"!!" [!!"#]

!! !! [!!"#]
!!.! !"!!"

[!!]!  

 
 

r!.! =
k! CH!OH [O!"#]

k! O! [O!"#]
k!.! CH!OH

[ O!"# + O!"#$% + HO!"#$% + 𝐵 + CH!O− O!"# + CH!O− O!"#
+ 𝐵 − OHCH! − O!"#$%

+ 𝐵 − OCH! − O!"#$% + 𝐵 − OCH− O!"#$% + 𝐵 − CO! − O!"#$% ]

! 

 
Approximating θ! ~ O!"#$% , as oxygen vacancies are the dominant surface species under low 
oxygen concentrations, 
 

r!.! =
k!.!

! CH!OH !

k![O!]
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Figure A.5.31: Trends in Gibbs free for the conversion of monodentate reaction intermediates 
adsorbed only on the surface Co site (CH3-B, CH3-Buc) or the surface oxygen site (CH3O-Ooxide, 
CH3O-Ovac) to form the corresponding bidentate configuration of B-OH2C-Ooxide or Buc-OH2C-
Ooxide for a stoichiometric and oxygen vacancy containing La1-xSrxCoO3 surfaces described for 
the reaction mechanisms in Figs. S21-S24 as a function of the surface O 2p-band center relative 
to the Fermi level. Data points were obtained from the BO2-terminated (001) surface of La1-

xSrxCoO3 with increasing Sr  (x = 0.00, 0.25, 0.50, 0.75, and 1.00).  
 
 

 
Figure A.5.32: Trends in Gibbs free energy for CO2 formation via vacancy mediated pathway 
(Steps 1,2,3,4) and via carbonate mediated pathway (Steps 1,2,3’,4’,5’) described in Fig. 5 as a 
function of the surface O 2p-band center relative to the Fermi level. Data points were obtained 
from the BO2-terminated (001) surface of La1-xSrxCoO3 with increasing Sr (x = 0.00, 0.25, 0.50, 
0.75, and 1.00). Adsorption and desorption free energy is calculated with respect to the BO2 
surface and  CH3OH, CO2, H2O, and  O2 in the gas phase (T = 100 °C, pCH3OH = 100 mTorr, 
pO2 = 20 mTorr, pCO2 = 1 mTorr, and pH2O = 1 mTorr) 
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A.5: Supplementary Data for Chapter 6 

	

	
	 	 	
Figure A.5.1: Dissociative adsorption of C3H8 via A) terminal C-H bond and B) allylic C-H 
bond dissociation on the surface oxygen sites of the BO2-terminated (001) ABO3 perovskites. 
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Figure A.5.2: Reaction mechanism for selective propene generation under dry 
conditions. A) Proposed reaction mechanism for C3H8 selective oxidation to C3H6 occurring 
on the surface oxygen site via terminal C-H bond scission of C3H8 to form C3H7-Ooxide and 
Ooxide-H (Step 1), followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H 
(Step 2), and desorption of C3H6-Ooxide as C3H6 (Step 3). Following desorption of C3H6, H2O 
desorption occurs leading to oxygen vacancy formation (Step 4), and finally molecular 
oxygen re-adsorption to re-fill the oxygen vacancies to complete the reaction cycle (Step 5), 
B) Correlation between first dehydrogenation adsorption energy of C3H8 on the surface 
oxygen surface site (C3H7-Ooxide, dark red), C) second dehydrogenation adsorption energy of 
C3H8 on the surface oxygen surface site (C3H7-Ooxide, dark green), D C3H6 desorption energy 
from the C3H6-Ooxide adsorbed on surface oxygen sites (dark blue), E) H2O desorption energy 
from the 2Ooxide-H adsorbed on surface oxygen sites (dark black), F) oxygen vacancies re-
filling energy (dark orange), as a function of the surface O 2p-band center relative to the 
Fermi level for ABO3 perovskites. Data points were obtained from the BO2-terminated (100) 
surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, and Ni), calculated by DFT with the 
binding configurations C3H8 on the surface oxygen sites shown here with reference to C3H8 
and O2 in the gas phase (T = 300 °C, pC3H8 = 1 atm, pC3H6 = 1 atm, and pO2 = 20 mTorr 
 
 
 

 
 

Figure A.5.3: Trends in gas phase adsorption energy. Trends in adsorption of A) hydrogen 
adsorption energy (blue, filled) and hydrogen adsorption in the presence of adsorbed water 
(blue, unfilled), B) direct dehydrogenation of C3H8 to from C3H6-Ooxide + 2H-Ooxide with 
reference to gas phase via 2 terminal C-H bond scissions (green) and allylic carbon (light 
green) C-H bond scission, C) direct dehydrogenation of C3H8 to from C3H6-Ooxide + 2H-Ooxide 
with reference to gas phase C3H8 and H2O via 2 terminal C-H bond scissions (green), as a 
function of the surface O 2p-band center relative to the Fermi level for ABO3 perovskites. 
Data points were obtained from the AO and BO2-terminated (100) surface of ABO3 (A = La, 
Sm; B = Cr, Co, Mn, Fe, and Ni), calculated by DFT with the binding configurations C3H8 on 
the surface oxygen sites.  
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Figure A.5.4: Reaction mechanism for selective propene generation under dry conditions. 
A) Proposed reaction mechanism for C3H8 selective oxidation to C3H6 occurring on the surface 
oxygen site via terminal C-H bond scission of C3H8 to form C3H7-Ooxide and Ooxide-H (Step 1), 
followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H (Step 2), and desorption 
of C3H6-Ooxide as C3H6 (Step 3). Following desorption of C3H6, H2O desorption occurs leading to 
oxygen vacancy formation (Step 4), and finally molecular oxygen re-adsorption to re-fill the 
oxygen vacancies to complete the reaction cycle (Step 5), Correlation between B) H2O 
desorption energy from the 2Ooxide-H adsorbed on surface oxygen sites (black), and F) oxygen 
vacancies re-filling energy (dark orange), as a function of the surface O 2p-band center relative 
to the Fermi level for ABO3 perovskites. Data points were obtained from the AO and BO2-
terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, and Ni), calculated by DFT 
with the binding configurations C3H8 on the surface oxygen sites shown here with reference to 
C3H8 and O2 in the gas phase (T = 300 °C, pC3H8 = 1 atm, pC3H6 = 1 atm, and pO2 = 20 mTorr). 
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Figure A.5.5: Correlation between first dehydrogenation adsorption energy of C3H8 on the 
surface oxygen surface site (C3H7-Ooxide, filled red) with reference to gas phase C3H8 and 
dehydrogenation of C3H8 and H2O on the surface oxygen surface site (C3H7-Ooxide+ H-Ooxide + 
OH-B, unfilled red)), with reference to gas phase C3H8 and H2O, as a function of the surface 
O 2p-band center relative to the Fermi level for ABO3 perovskites. Data points were obtained 
from the AO and BO2-terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, and 
Ni), calculated by DFT with the binding configurations C3H8 on the surface oxygen sites 
shown here with reference to C3H8 and O2 in the gas phase (T = 300 °C, pC3H8 = 1 atm, 
pC3H6 = 1 atm, and pO2 = 20 mTorr 

 
 

 
Figure A.5.6: Reaction mechanism for selective propene generation under wet conditions 
A) Proposed reaction mechanism for C3H8 selective oxidation to C3H6 occurring on the oxygen 
sites via terminal C-H bond scission with dissociative H2O adsorption (Step 1), followed up 
C3H8 adsorption to form C3H7-Ooxide and Ooxide-H in the presence of dissociated water (Step 2), 
followed by dehydrogenation of C3H7-Ooxide to C3H6-Ooxide and Ooxide-H (Step 3) and desorption 
of C3H6-Ooxide as C3H6 (Step 4). Following desorption of C3H6, H2O desorption occurs leading to 
oxygen vacancy formation (Step 5), and finally molecular oxygen re-adsorption to re-fill the 
oxygen vacancies to complete the reaction cycle (Step 6), Correlation between B) H2O 
desorption energy from the Ooxide-H surface sites (black), C) oxygen vacancies re-filling energy 
(orange), as a function of the surface O 2p-band center relative to the Fermi level. Data points 
were obtained from the AO and BO2-terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, 
Mn, Fe, Ni with respect to the AO and BO2 surface, C3H8 and O2 in the gas phase (T = 300 °C)  
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Figure A.5.7: Correlation between first dehydrogenation adsorption energy of C3H8 on the 
surface oxygen surface site and the reaction rate for A) propane consumption, B) propene 
formation, C) CO2 formation under wet (un-filled) and dry conditions (filled). Data points 
were obtained from the BO2-terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, 
Fe, and Ni), calculated by DFT with the binding configurations C3H8 on the surface oxygen 
sites shown here with reference to C3H8 and O2 in the gas phase (T = 300 °C) 

 

 
 
Figure A.5.8: Correlation between covalency, defined as the difference of the O 2p and TM 
3d –band center, and the reaction rate for A) propane consumption, B) propene formation, C) 
CO2 formation under wet (un-filled) and dry conditions (filled). Data points were obtained 
from the BO2-terminated (100) surface of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, and Ni), 
calculated by DFT with the binding configurations C3H8 on the surface oxygen sites shown 
here with reference to C3H8 and O2 in the gas phase (T = 300 °C) 
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Figure A.5.9: Correlation between oxygen vacancy formation energy, and the reaction rate 
for A) propane consumption, B) propene formation, C) CO2 formation under wet (un-filled) 
and dry conditions (filled). Data points were obtained from the BO2-terminated (100) surface 
of ABO3 (A = La, Sm; B = Cr, Co, Mn, Fe, and Ni), calculated by DFT with the binding 
configurations C3H8 on the surface oxygen sites shown here with reference to C3H8 and O2 in 
the gas phase (T = 300 °C) 
 

 

 
Figure A.5.10: Correlation between #d electrons of the TM, and the reaction rate for A) 
propane consumption, B) propene formation, C) CO2 formation under wet (un-filled) and dry 
conditions (filled). Data points were obtained from the BO2-terminated (100) surface of ABO3 
(A = La, Sm; B = Cr, Co, Mn, Fe, and Ni), calculated by DFT with the binding configurations 
C3H8 on the surface oxygen sites shown here with reference to C3H8 and O2 in the gas phase 
(T = 300 °C) 
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