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Abstract 

Identifying the active sites and reaction kinetics for a catalytic reaction can provide significant 

insight to the catalytic systems. By conducting DFT calculations, the catalytic activity of 

FeO/Pt(111) interfacial sites, which is an important class of catalyst with excellent activity, for 

methanol partial oxidation is carefully examined and compared. The O-H cleavage barrier of 

methanol is significantly diminished to below 0.1 eV with the aid of interfacial oxygen, which 

is much lower than that on the Pt(111) surface (> 0.8 eV). The CH3O* intermediate can further 

undergo a C-H bond breaking process to produce formaldehyde via a low barrier (~ 0.2 eV) at 

the interfacial Pt sites. Assisted by interfacial Pt-O ensemble, the O-H and C-H bond cleavage 

are greatly facilitated, suggesting that the FeO/Pt bi-phase system could effectively combine 

the advantages of two individual phases. To investigate the rate determining steps, a multi-site 
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micro-kinetic model is applied at FeO/Pt interface. The results show that the overall rate can be 

significantly improved by lower the activation energy of interfacial oxygen removal steps. 

Interestingly, the turnover frequency (TOF) can also be enlarged when increasing the barriers 

of O2 dissociative adsorption on the Pt flat surface, which is a special feature in multi-phase 

systems comparing with the mono-phase one. The active site and micro-kinetic studies in our 

work can provide insights into the development of metal/oxide catalysts for the partial oxidation 

of methanol or other primary alcohols.  

Key words: Density functional theory, FeO/Pt interface, methanol partial oxidation, multi-

sites micro-kinetic model, turnover frequency 

1. Introduction 

The oxide-supported transition metal catalysts (TM/MOx) have been widely used in industrial 

applications, such as oxide-supported Ag catalysts for ethylene epoxidation1-2 and CeO2-

supported materials in the automotive three-way catalysts (TWC) for emission control.3-5 

Generally, the catalytic activities can be considerably enhanced by the dispersion of metal 

particles into oxide supports, ascribing to the increase of specific surface area and active sites6 

and perhaps the electronic property change of both oxide and metal constituents. Recently, this 

kind of bi-phase catalytic systems have gained growing attentions.7-8 To elucidate the related 

reaction mechanism on TM/MOx-based catalysts, most theoretical work focuses on the study 

of the mono-phase constituent, in which the catalytic role of metal or oxide has been 

comprehensively addressed.9 Taking Ag/α-Al2O3 for ethylene epoxidation as an example, by 

simply conducting theoretical investigation on silver surface, the reaction mechanism could be 

acquired and the theoretical work is in well agreement with experimental results, owing to the 

α-Al2O3 acting as an inert support to disperse Ag particles. In addition, the properties of oxide 

supports have also been extensively investigated. For example, for TWC catalysts, the CeO2 

support is regarded as an indispensable component, in which the superb oxygen storage and 

release properties of ceria oxide have been critically addressed. 

The studies of mono-phase component could indeed give significant insight into certain 
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catalytic processes; however, some recent work indicates that the neglected interfacial sites play 

a crucial role in the catalytic activity boost in some oxide/metal bi-phase systems.10-13 For 

example, Shaikhutdinov and co-workers reported that the iron oxide film on Pt(111) can 

promote low temperature CO oxidation.10 Furthermore, Bao and co-workers discovered that the 

exposed ferrous centers at the interface are important active sites contributing to the 

enhancement of catalytic oxidation on the FeO/Pt catalysts.11 By fabricating a series of 

metal/oxide systems, including several Pt, Pd and Ag supported transition metal oxide (Fe, Co, 

Ni, Cu, Mn, et al) and their reversed systems, Li and co-workers discovered that the interfacial 

sites are highly active and should be responsible for the activity enhancement of benzyl alcohol 

partial oxidation.14 In such systems, by simply investigating the mono-phase constituent, the 

promotion effects of interfacial sites might be ignored, resulting in misunderstandings of real 

catalytic processes. However, the complexity and diversity of interfacial sites largely hindered 

the study of reaction mechanisms and kinetics. 

Recently, a number of ultrathin oxide film-covered metal systems, the so-called inverse model 

catalysts, have been extensively synthesized and investigated,15-17 such as MOx (M= Fe, Mn, 

Ti, Zr) on Pt(111),18-25 MnOx, CoOx and NiOx on Pd(100),26-29 TiOx and VOx on Au(111) 

surface.30-31 The sophisticated bi-phase images could thus be observed by the microscope 

technologies, which provide valuable information on the interfacial configuration of the 

metal/oxide systems. Furthermore, by virtue of density functional theory (DFT) calculations, 

the electronic properties of interface could be characterized and the reaction mechanism at 

active sites could be identified, which help us obtain a clear picture of how the interfaces work 

on catalytic reactions in metal/oxide bi-phase systems. Among the systems of metal-supported 

ultrathin films, the Pt-supported iron oxide film (FeO/Pt) has been widely studied.10, 18, 32-34 

Using high-resolution scanning tunneling microscopy (STM), Wendt and co-workers 

uncovered the active sites and boundary structures of pristine, oxidized and reduced FeO islands 

on Pt(111) at atomic-scale.33-34 Theoretically, the magnetic and electronic properties of 

FeO/Pt(111) are characterized by Giordano and co-workers.19 They also compared the results 

obtained from PBE+U and HSE06 approaches and showed that the DFT+U approximation 
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remains an adequate tool for the studies of the similar metal-supported ultrathin oxide film 

systems.35 Moreover, Li and co-workers investigated the reaction mechanism of CO oxidation 

at the FeO/Pt(111) interface; they found that the oxygen can be readily dissociated at these sites, 

and the OH group can further facilitate the oxygen activation and CO oxidation.11, 32  

Although a great progress has been achieved in the study of metal/oxide systems, many reaction 

mechanisms and kinetics are still inadequately addressed at the interfacial sites of bi-phase 

systems. In order to fully understand the catalytic role of interfacial sites, one must answer the 

following two questions: (i) what is the role of each component in multi-phase systems? (ii) 

how do the interfacial sites affect the overall reaction kinetics? To provide insight into the 

metal/oxide systems and address the questions mentioned above, a detailed investigation was 

carried out on the FeO ribbon supported Pt(111) (FeO/Pt) bi-phase system by using methanol 

partial oxidation (CH3OH + 1/2 O2  CH2O + H2O) as a model reaction. The reasons for the 

selected system are described as follows: Firstly, the Pt(111)-supported FeO film can be 

regarded as a simplified model of reverse oxide-supported metal catalyst, which is among the 

most studied transition metal-supported ultrathin film systems.10, 32-34 The unambiguous 

interfacial structure can be constructed on account of the extensively previous studies on the 

FeO/Pt system by STM and DFT calculations.33-34 Secondly, the theoretical studies of oxidation 

reactions were limited on FeO/Pt and other oxide/metal interfaces. The investigation of alcohol 

partial oxidation to aldehyde may provide insight into the general rules of oxidation reactions 

on the oxide/metal bi-phase systems. Thirdly, as the simplest analogues of alcohol, methanol is 

an ideal model molecule to examine the alcohol partial oxidation process at the bi-phase 

interface. In addition, formaldehyde is an important product in the methanol decomposition 

process,36-38 which is also an extensively used chemical in industries of adhesives and plastics 

production.39 In the present work, the overall reaction profiles are plotted and compared at 

different sites of the FeO/Pt system, in which the thermodynamically favorable pathway and 

the active species have been identified. The crucial elementary steps of methanol partial 

oxidation, including formaldehyde and water formation, are determined and elucidated in a 

multi-site micro-kinetic framework,40-42 with the rate control steps and the role of interfacial 
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sites revealed and discussed. The results would provide insight into the design of metal/oxygen 

systems for the partial oxidation of methanol and other primary alcohols. 

2. Methods and Models 

2.1 Methods 

The spin-polarised calculations were performed with the Perdew-Burke-Ernzerhof (PBE)43 

functional within the generalised gradient approximation (GGA) as implemented in the Vienna 

Ab initio Simulation Package (VASP).44-45 The project-augmented wave (PAW) method was 

used to represent the core-valence electron interaction.46-47 The valence electronic states were 

expanded in plane wave basis sets with a cutoff energy of 450 eV. To accurately treat the 

electron of transition metal oxides, the on-site column repulsion was described for FeO/Pt bi-

phase systems by DFT+U approach48-49 with U - J = 3 eV for Fe 3d orbitals, as used in previous 

studies.11, 35, 50 To model the methanol partial oxidation on metal mono-phase, a four-layer 

p(3×3) Pt(111) slab (Fig. S1) was used (9 Pt atoms in each layer) with 4 × 4 × 1 k-point sampling. 

For FeO/Pt interface simulations, a FeO ribbon covered (2√3 × 5) Pt(111) slab model was 

applied with 3 × 2 × 1 k-point sampling. The FeO ribbon consists of three Fe and three O 

columns with Fe atoms coordinated with the top layer of Pt substrate (Fig. 1a). To balance the 

computational cost and accuracy, a three-layer Pt(111) metal substrate was used (20 Pt atoms 

in each layer). The bottom two layers of the Pt substrates were fixed, and the other atoms were 

all relaxed during the structural optimization. A vacuum layer of 15 Å for all calculated models 

was applied along the z direction to avoid the interactions between periodically repeated slabs. 

The atomic positions were optimized using the Broyden-Fletcher-Goldfarb-Shanno 

minimization scheme until the maximum force of each atom was less than 0.05 eV/Å.  

Reaction pathways were searched with a constrained minimization technique.51-53 In this 

approach, we constrain the distance between the reactants in each elementary step and minimize 

the total energy with respect to all remaining degrees of freedom. This method allows the 

transition complex to rotate and translate subject to the above constraint. The transition state is 

verified when (i) all forces on the atoms vanish; and (ii) the total energy is a maximum along 
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the reaction coordinate but a minimum with respect to the rest of the degrees of freedom. The 

vibration frequency calculations were tested for the transition state (TS) structures, which show 

that the TS structures we located are true saddle points. The adsorption energy of species X (Ead 

(X)) is defined as (Eq 1), 

Ead (X) = Ex/surf – Ex – Esurf   (Eq 1) 

in which Ex, Esurf, Ex/surf are the total energies of adsorbates X in the gas phase, the clean surface 

and the optimized adsorbates/surface system, respectively. Thus, a more negative value of Ead 

(X) corresponds to a stronger adsorption of species X on the surface. The activation energy (Ea) 

is determined by the energy difference between the transition state and initial state in each 

corresponding elementary step.  

2.2 Models 

The metal/oxide interfacial structures of reduced and oxidized FeO islands on Pt(111) are 

illustrated in Fig. 1. For the reduced FeO/Pt structure, the FeO/Pt interface is terminated with 

Fe atoms (Fe-FeO/Pt, Fig. 1a), which can act as the active binding sites. The coordinatively 

unsaturated ferrous site (CUF) shows a strong oxygen binding ability (-1.28 eV heat release) 

and can readily be oxidized via a low oxygen dissociation barrier (0.34 eV), with O-O bond 

length elongation to 1.77 Å in the transition state (Fig. 1b) from 1.43 Å in the O2* adsorption 

state, which is consistent with the previous work of Bao and co-workers who gave an activation 

energy of 0.42 eV at the PW91 functional level.11 After oxygen dissociation, the exposed Fe 

sites are saturated by adsorbed oxygen, resulting in the O-terminated FeO/Pt interface (O2c-

FeO/Pt, Fig. 1c). The O2c atom, coordinated with boundary Fe and substrate Pt, can further 

migrate to the bridge site of Fe atoms, leading to the 3-fold coordinated oxygen formation (O3c-

FeO/Pt, Fig. 1d).33-34 It is worth noting that, the total energy difference of the O3c-FeO/Pt and 

O2c-FeO/Pt structure is only 0.02 eV thermodynamically, indicating the two structures can both 

exist. As can be seen in Fig. 1, another O-terminated FeO/Pt interface also exists at the other 

side of FeO ribbon, in which oxygen atoms are located at the bridge site of marginal Fe atoms 

without bonding with substrate Pt atoms (denotes as Obri-FeO/Pt, Fig. 1d, e). According to 
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previous work by Wendt and co-workers,33-34 the FeO/Pt interface can undergo the 

transformation from Fe-FeO/Pt into the O3c-FeO/Pt structure and further to the stable Obri-

FeO/Pt boundary (Fig. 1e) during the oxygenation process. Thus, both the Fe- and O-terminated 

FeO/Pt interfaces (O2c-FeO/Pt, O3c-FeO/Pt and Obri-FeO/Pt) are considered in our study. 

3. Results and Discussion 

3.1 Methanol adsorption  

To compare the binding abilities of methanol at interfacial sites, the methanol adsorption 

energies were calculated at a variety of sites of FeO/Pt interface, including the Pt and Fe sites 

at O- and Fe-terminated FeO/Pt interfaces. The detailed configurations of methanol adsorption 

are illustrated in Fig. 2. At the Fe- FeO/Pt interface, the CUF sites (Fig. 2a) are the primary 

binding positions for methanol adsorption, which gives an energy release of 0.70 eV. By 

contrast, the Pt sites show a weaker binding strength with methanol (-0.21 eV, Fig. 2b), close 

to the result obtained on Pt(111) (-0.23 eV). Under oxygen-rich conditions, the CUF sites can 

be readily oxidized, leading to the formation of O-terminated FeO/Pt interface, owing to a low 

activation barrier (0.36 eV) for the dissociation of oxygen.  

On O2c-FeO/Pt interface (Fig. 2c), the methanol adsorption is exothermic by 0.61 eV at the Fe 

site, showing no obvious difference from the CUF site (-0.70 eV). Surprisingly, the methanol 

adsorption is dramatically enhanced (-0.76 eV) at the Pt site of O2c-FeO/Pt (Fig. 2d), stronger 

by over 0.5 eV than those at the same sites of Fe-FeO/Pt and Pt(111) surfaces. The result shows 

that the interfacial Pt and O atoms (denote as Pt-O ensemble) can synergistically promote the 

methanol adsorption by providing adsorbed sites and forming hydrogen bond with methanol. 

Similarly, the Pt-O ensemble of O3c-FeO/Pt interface is also highly active for methanol 

adsorption (0.83 eV exothermic), with a hydrogen bond formed and the interfacial oxygen 

moved away from the Fe-Fe bridge site (Fig. 2e). The other side of O3c-FeO ribbon, terminated 

by bridge oxygen Obri (Obri-FeO/Pt, Fig. 2f), was evaluated for the methanol adsorption. The 

binding strength of methanol is still high (-0.89 eV, Table S3) at the Pt-O ensemble of Obri-

FeO/Pt interface, showing the interfacial Pt-O ensemble could indeed improve the methanol 
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adsorption in comparison with the mono-phase Pt sites.  

The methanol adsorption energies at the above sites are plotted in Fig. 2g, which shows the 

binding strength of methanol can be greatly enhanced at the Pt-O ensembles of O-FeO/Pt 

interfaces. It can be ascribed to the formation of strong hydrogen bond between interfacial 

oxygen and the hydrogen of hydroxyl in methanol. The weakest methanol binding strength is 

found on the Pt(111) surface while both the Fe- and O-terminated FeO/Pt interfaces could 

provide active sites (Fe or Pt atoms) for methanol adsorption. It indicates the methanol would 

be accumulated at the FeO/Pt interface under experimental condition, which is consistent with 

the previous results of alcohol analogues (benzyl alcohol) adsorption at FeO/Pt interface.14 

3.2 Methanol decomposition at Fe-FeO/Pt interface 

The reaction pathways of CH3OH decomposition have been comprehensively investigated on 

platinum surfaces in previous studies.36-37 The formaldehyde formation can start with O-H bond 

scission to remove the first hydrogen, then followed by the C-H bond cleavage to remove the 

second hydrogen (pathway 1, Scheme 1). Alternatively, the C-H bond cleavage can firstly occur, 

leading to CH2OH* intermediate formation; then the formaldehyde can be produced by the 

subsequent O-H bond dissociation of CH2OH* species (pathway 2, Scheme 1).  

In this work, DFT calculations were initially carried out at the Fe-FeO/Pt interface, where the 

CUF sites are highly active for methanol adsorption (-0.70 eV). In pathway 1, the first hydrogen 

striping occurs through the transition state (TS1, Fig. 3b) with an O-H distance of 1.23 Å in 

methanol. The hydrogen can be transferred to a nearby 3-fold coordinated oxygen (Olatt) in the 

FeO ribbon, resulting in an Olatt-H distance of 1.22 Å in the TS. The O-H cleavage step is 

slightly endothermic by 0.15 eV via a 0.46 eV barrier, leading to the formation of OlattH and 

methoxyl (CH3O*) intermediates (IM, Fig. 3c) at Fe site. The second hydrogen cleavage is 

occurred by C-H bond breaking of CH3O* species, in which the hydrogen can be transferred to 

another nearby Olatt via the TS2 (Fig. 3d). The C-H dissociation step is endothermic by 0.18 eV, 

while the activation barrier is much higher than that of O-H cleavage (1.16 vs. 0.46 eV), 

suggesting that the C-H breaking process could hardly proceed. In pathway 2, the hydrogen 
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transfers from carbon to Olatt as a start, in which the C-H bond is elongated to 1.54 Å in the 

transition state (TS1’, Fig. 3e). The C-H bond breaking step is endothermic by 0.86 eV via a 

large activation energy (1.63 eV), suggesting that this process should be difficult to proceed. 

Then a hydrogen bond can be formed between another Olatt and the hydrogen of CH2OH* 

species (IM’, Fig. 3f). The subsequent O-H bond cleavage of CH2OH* occurs by hydrogen 

transfer to Olatt via transition state TS2’ (Fig. 3g). The O-H bond breaking is exothermic by 0.89 

eV and undergoes a low activation energy (0.10 eV).  

After formation of two OlattH, the formaldehyde is produced and adsorbed at the Fe site via 

oxygen atom (Fig. 3h). The further desorption of formaldehyde is endothermic by 0.83 eV, 

leading to the formation of OlattH adsorbed FeO/Pt structure. One can see from Table 1 that the 

C-H bond cleavage apparently undergoes a much higher activation energy (over 1 eV) than O-

H bond breaking (under 0.5 eV) in the above two pathways. Thus, at CUF site of the Fe-FeO/Pt 

interface, C-H bond dissociation should be the rate determining step for formaldehyde 

formation. Additionally, the overall activation energy of pathway 1 is lower than that of pathway 

2, suggesting the former pathway is kinetically favored.  

3.3 Methanol decomposition at O-FeO/Pt interface 

The Fe-FeO/Pt interface could be oxidized and transformed to the O-terminated interface under 

experimental condition, as discussed in the model construction section. To uncover the catalytic 

activity of the oxidized FeO/Pt interface, detailed calculations were performed on the reaction 

pathways at the O2c-FeO/Pt interface and other two relevant oxygen edges (O3c- and Obri-FeO/Pt 

interfaces). In pathway 1, the hydrogen is transferred from the oxygen of methanol to the 

interfacial oxygen (O2c) via transition state TS1 (Fig. 4b). Remarkably, the activation barrier of 

O-H bond cleavage is diminished to 0.04 eV, indicating that the hydrogen transfer process can 

readily occur at the O2c-FeO/Pt interface. The CH3O* intermediate (IM, Fig. 4c) adsorbs at a Pt 

site of O2c-FeO/Pt, and then the CH2O* is formed via the C-H bond scission. In the transition 

state (TS2, Fig. 4d), the C-H bond of CH3O* is elongated to 1.38 Å, and then the hydrogen 

could transfer to another Pt site, which is similar to the case on the Pt(111) surface (Fig. S1e). 
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The C-H cleavage step is exothermic by 0.42 eV with a not high barrier (0.17 eV). The 

subsequent migration of dissociated hydrogen to interfacial oxygen will lead to an energy 

release by -0.79 eV. In pathway 2, the hydrogen atom transfers from carbon to Pt atom as a start, 

in which the C-H bond distance is elongated to 1.45 Å in the TS structure (TS1’, Fig. 4e). The 

activation energy of C-H cleavage is 0.68 eV, close to the value at Pt(111) (0.67 eV). The 

possibility of C-H cleavage assisted by interfacial oxygen is also tested; however, its activation 

energy is higher than direct C-H bond breaking at Pt sites. The CH2OH* intermediate adsorbs 

at two neighboring Pt atoms via C and O, and forms a hydrogen bond with an interfacial O2c 

(IM’, Fig. 4f). Subsequently, the hydrogen of hydroxyl could transfer to O2c with a low 

activation energy (0.03 eV, Fig. 4g). An OH-terminated FeO/Pt interface (OH-FeO/Pt) would 

be gradually formed during the methanol decomposition and formaldehyde desorption process 

(0.30 eV endothermic). Notably, the interfacial hydroxyl should be removed to provide free 

sites for oxygen chemisorption and eventually restore the interfacial structure. 

The O-H bond cleavage step was also investigated on the other two O-terminated FeO/Pt 

interfaces (O3c-FeO/Pt and Obri-FeO/Pt). For the O3c-FeO/Pt interface (Fig. S3a~c), hydrogen 

bond could be formed between methanol and interfacial O3c, which will make the O3c atom 

move to the 2-fold coordinated site (like O2c). Likewise, at the Obri-FeO/Pt interface (Fig. 

S3d~f), a hydrogen bond could also be formed between methanol and interfacial oxygen (Obri). 

Assisted by interfacial O3c and Obri, the O-H bond cleavage of methanol would be readily 

proceeded via a very low barrier (below 0.1 eV), which is in consistent with the results obtained 

at the O2c-FeO/Pt interface. The result suggests that the interfacial oxygen of the FeO/Pt 

interface could generally act as an active site for the striping of hydrogen from the hydroxyl of 

methanol, which is well consistent with our previous work that the O-H bond of benzyl alcohol 

is effectively activated by the interfacial oxygen of FeO/Pt interface.14  

As the formaldehyde formation proceeds, the O-FeO/Pt interface will be gradually transformed 

to OH-terminated FeO/Pt boundary. It is notable that the hydroxyl removal would be hindered 

if the OH binding strength is too strong at the interfacial sites, which will block the overall 

catalytic cycle. For simplicity, the energy of oxygen vacancy (Ov) formation (O*  1/2 O2 + *) 
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was calculated in order to estimate the binding strength of hydroxyl species. Generally, a higher 

EOv (stronger O* binding) suggests a more difficult O* removal process (O*  1/2 O2 or O* + 

H2  H2O + *).54-56 At the O2c- and O3c-FeO/Pt interfaces, the Ov formation energies are only 

around 1 eV. However, the Ov formation is much more difficult at the Obri-FeO/Pt interface 

(1.90 eV), suggesting that the further OH removal would be harder. The total energy of O2cH-

FeO/Pt interface is lower than O3cH-FeO/Pt by 0.42 eV, ascribing to the formation of hydrogen 

bonds between the neighboring hydroxyl at the O2c-FeO/Pt interface (Fig. S4). Thus, the O2cH-

FeO/Pt interface is most likely to be formed under the reaction condition.  

3.4 Activity comparison between interface and mono-phase sites 

To compare the reaction activities of interface and mono-phase sites, we further carried out 

calculations on Pt(111). On the Pt(111) surface, the methanol decomposition can start with the 

O-H bond scission to remove the first hydrogen via an activation energy of 0.87 eV, and then 

the second hydrogen can be removed by the C-H bond activation via a 0.24 eV barrier with 

0.34 eV heat releasing in pathway 1. Alternatively, the C-H bond cleavage can firstly occur via 

an activation energy of 0.67 eV, then followed by the O-H bond dissociation via a 0.81 eV 

reaction barrier in pathway 2. The reaction profiles are illustrated in Fig. 5. One can see that the 

reaction profile of pathway 2 is under that of pathway 1 on the Pt(111) surface, implying that 

the C-H bond breaking is preferred to start the methanol decomposition. Besides, the O-H 

cleavage step, having a much higher barrier (over 0.8 eV) than the C-H breaking step in both 

pathways, could be regarded as the main obstacle that prevents the methanol decomposition. In 

contrast, at the O-FeO/Pt interface, the interfacial oxygen species, including O2c, O3c and Obri, 

show a stronger attraction of hydrogen and are all highly active for the hydrogen striping from 

the hydroxyl of methanol, in which the activation energies of O-H bond breaking are 

remarkably reduced to below 0.1 eV with the aid of the interfacial oxygen. For the C-H bond 

cleavage, the kinetic barriers show little difference from those results obtained on the Pt(111) 

surface. One can see from the energy profile (Fig. 5) that the C-H bond breaking needs to 

overcome a higher barrier than the O-H bond cleavage in both pathways; and pathway 1, which 

starts with the O-H bond cleavage, should be a favorable pathway for methanol decomposition 
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at the O-FeO/Pt interface. Thus, by comparing the reaction profiles on the Pt(111) surface and 

O-FeO/Pt interface, the interfacial Pt-O ensemble obviously showing more advantage than 

mono-phase Pt sites in methanol decomposition.  

Regarding FeO oxide, we could estimate its activity from the results at the Fe-FeO/Pt surface, 

because the local structure of FeO ribbon is close to the FeO(111) mono-layer, and the Pt sites 

were not involved in the calculation. Actually, the interfacial Fe sites of Fe-FeO/Pt should be 

more active than those of FeO(111), because the unsaturated Fe atom could provide an 

appropriate binding site for methanol adsorption. When the Fe atom is saturated by oxygen (Fig. 

2c), the binding strength of methanol would be weakened in comparison with the CUF site (Fig. 

2a). The Olatt of FeO ribbon, exhibiting similar local configuration of the oxygen on the FeO(111) 

surface, could also abstract the hydrogen of hydroxyl in methanol; however, the kinetic barriers 

are higher than those at the interfacial Pt-O ensemble. Furthermore, a much higher activation 

energy (over 1 eV, Table 1) is required for the C-H bond breaking, indicating that the overall 

reaction rate should be slower at Fe sites of FeO ribbon. It is also noteworthy that the removal 

of adsorbed OlattH on the FeO mono-phase is required to complete the catalytic cycle, which is 

difficult to proceed (~ 2.9 eV needed to form oxygen vacancies). Therefore, the FeO mono-

phase, alike the FeO ribbon, is predicted to be inert for catalyzing the methanol decomposition. 

Clearly, the mono-phases of FeO or Pt could not effectively promote the reaction of methanol 

decomposition, while the interfacial Pt-O ensemble of FeO/Pt show a much better performance.  

3.5 Formation of oxygen vacancy and water 

To complete the catalytic cycle, the interfacial hydroxyl should be removed to provide free sites 

for subsequent oxygen adsorption and dissociation. To evaluate the hydroxyl coverage effect at 

the interfacial sites, calculations were carried out at the OH-terminated FeO/Pt interface for 

overall methanol partial oxidation. Pathway 1 was regarded as a more favorable route and its 

elementary steps were investigated in this part, considering the overall barrier in pathway 1 is 

lower than that in pathway 2 (over 0.6 eV). After the formaldehyde formation and desorption, 

the OH* species can be removed with the aid of adsorbed hydrogen (OH* + H*  H2O + 2*), 
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resulting in a water molecule desorption and an oxygen vacancy formation (denoted as Ov) at 

the FeO/Pt interface. 

The reaction profile of the catalytic cycle is plotted with detailed structures depicted in Fig. 6, 

in which the reaction starts with oxygen adsorption (1.40 eV exothermic) at the interfacial free 

site (Ov). The methanol adsorption is exothermic by 0.55 eV at the OH-FeO/Pt interface with a 

2/3 hydroxyl coverage. The binding strength of methanol is weaker at the OH-FeO/Pt interface 

than O-FeO/Pt interface by 0.21 eV, which is probably due to the fact that the formed hydrogen 

bond is weakened at the hydrogen-rich interface. The methanol decomposition starts with O-H 

scission, in which the O-H bond distance elongates to 1.34 Å in the transition state. Likewise, 

the O-H bond breaking barrier is not high (below 0.1 eV) in the aid of interfacial oxygen. In the 

subsequent step, the C-H bond scission of CH3O* gives an activation energy by 0.22 eV at the 

OH-FeO/Pt interface, close to the values at O2c-FeO/Pt interface and Pt(111) (0.17, 0.24 eV, 

respectively). The dissociated hydrogen (H*) can migrate to the FeO/Pt interface and attack the 

interfacial hydroxyl. Then an H2O can be formed via an activation energy of 0.51 eV, leading 

to an oxygen vacancy formation after water desorption. It is worth mentioning that even though 

the transition state structures of O-H scission and H2O formation at the OH-terminated interface 

are similar to those at the O-terminated interface, the activation energies increase at the OH-

FeO/Pt interface since the hydrogen binding is weakened at these hydrogen-rich interfacial sites. 

From the plotted standard free energy profiles, one can see that the C-H bond cleavage and 

water formation steps are probably the rate determining steps due to their relative high 

activation energies in the whole reaction cycle. 

3.6 Kinetic study of overall catalytic cycle 

After obtaining the reaction and activation energies of the catalytic cycle, we are now in the 

position of considering the reaction kinetics of the FeO/Pt bi-phase system. Generally, the 

reaction scheme can be described as follows: O2 and CH3OH adsorb on the surface, and the 

adsorbed O2* dissociates into atomic O* species. Then the CH3OH* decomposition occurs and 

leads to the formation of CH2O; and the adsorbed H* combine with O* to form H2O*. Finally, 
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the formed CH2O* and H2O* molecules desorb into the gas phase. The following 

approximation is taken in our kinetic model: The adsorption and desorption of O2 is considered 

to be in equilibrium, which can be combined as O2 + 2*  2O* (X* and * are defined as the 

adsorbed X species and a surface free site, respectively). Likewise, the reactions of CH3O* + * 

 CH2O* + H* and CH2O*  CH2O + * can be combined into CH3O*  CH2O + H*; the 

OH* + H*  H2O* + * and H2O*  H2O + * can be combined into OH* + H*  H2O + 2*. 

The rate equation for each step is listed in Table S5, in which the rate constant of the forward 

(reverse) reaction can be derived from transition state theory57, as shown in (Eq2). 

𝑘 𝑒 ∆ , ⁄        (Eq2) 

Where kB, h, and T represent the Boltzmann constant, Planck constant, and temperature in 

Kelvin. ∆𝐺 ,   is the change of standard molar Gibbs free energy between the initial and 

transition state (i.e., energy barrier Ea). Moreover, to qualitatively determine the influence of 

single step to the overall reaction, the degree of rate control58, defined in (Eq3), is calculated 

for each step. 

𝑋 , , ,    (Eq3) 

where the partial derivative of the rate constants, kj, is hold constant, for all other steps 𝑗 𝑖. 

Rate constants ki and k-i will be varied by equal factors so that their ratio remains constant. In 

other words, 𝑋 ,  measures the variance of the overall rate when slightly changing the energy 

of transition state of step i. Typically, 𝑋 ,  should be positive, which means that the overall 

reaction will decrease while increasing the energy of transition state of step i. Larger 𝑋 ,  

value means a bigger influence of step i on the overall reaction, and the sum of all 𝑋 ,  should 

be unity.  

A multi-site micro-kinetic model was employed in order to quantitatively determine the activity 

of the methanol partial oxidation at 500 K in our study (details see SI-14). Assuming that there 

are 10% interface sites (#1) and 90% Pt flat sites (#2), which is a quite reasonable assumption 

since the proportion of flat sites is normally larger than that of interfacial sites on the metal-
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supported oxide systems. We also tested different ratios of #1/#2, showing no significant 

deviation on the kinetic trends. By testing and comparing the overall rates of pathway 1 and 2 

(Table 2 and Table S10, respectively), we can confirmed that pathway 1 is much more favoured. 

In addition, we examined the performance of the catalyst when only Pt flat sites exist (i.e. 

without the FeO/Pt interface, Table S6), in which the activation energy of H2O formation step 

is assumed to be zero for simplification. Some striking features can be obtained from the results 

of micro-kinetic modelling (Table 2, S7-S9). Firstly, we find that the exposed Fe sites of the 

interface are predominately covered by OH (9.97% out of 10%), which confirms the assumption 

of the interface will be an OH-terminated interface under the reaction condition. Secondly, one 

can see from the tables that the production rate of CH2O at the FeO/Pt interface (3.57E-04, Table 

2) is many orders of magnitude higher than that on Pt flat surface (1.56E-16, Table S8), 

indicating that the FeO/Pt interfaces indeed largely enhance the overall catalytic activity. 

Thirdly, the steps of O2 (g) + 2#2 ↔ 2O#2 and H#2 + OH#1 ↔ H2O (g) + #1 + #2 have the largest 

XRC value in CH3OH partial oxidation at the FeO/Pt (-2.00 and 1.99, respectively), suggesting 

that they influence the reaction most.  

Interestingly, the XRC of step O2 (g) + 2#2 ↔ 2O#2 is negative, indicating that the overall reaction 

rate will be improved if increasing the energy barriers of O2 dissociative adsorption at the Pt 

flat sites. Such a case (negative XRC) may be a special feature of multi-site catalysis. Although 

O2 dissociative adsorption has a lower energy barrier at the interface, the overall reaction 

network and site distribution make the interfacial oxygen primarily comes from O2 dissociative 

adsorption at the Pt flat sites (#2) and surface diffusion (step 3 in Table 2), rather than directly 

dissociates at the FeO/Pt interfacial sites. In other words, the oxygen prefers to dissociate at the 

Pt flat sites kinetically. The CH3OH*, CH3O* and H* species have a much lower coverage than 

the O* species due to their large difference of binding energies at the Pt sites. Therefore, 

increasing the barrier of O2 dissociative adsorption at the Pt sites will make the adsorption of 

other intermediates more pronounced and eventually facilitate the overall reaction. For example, 

the ratio of adsorbed CH3OH* and turnover frequency (TOF) will both go up by two orders, 

provided that the barrier of O2 dissociative adsorption increases by 0.25 eV.  
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Finally, it is worth mentioning some implications of the general guidelines on catalyst design 

of the metal/oxide interfaces for efficient methanol partial oxidation. Firstly, increasing the 

barrier of oxygen dissociative adsorption on metal surfaces can be effectively improving the 

overall TOF, which may be achieved by using other metal substrates. Inert metals can be 

potential candidates as the metal substrates, such as Ag and Au, which show a higher activation 

energy for oxygen dissociation59-61 and have a similar methanol binding strength62 (~ -0.15 eV 

in our tests) on their low Miller index surfaces. Secondly, a suitable binding strength of O* 

species is of significance to balance the oxygen adsorption (1/2 O2 + *  O*) and its removal 

process (OH* + H*  H2O + 2*), which is also applicable in other oxidation reaction on oxide-

based catalysts.63-64 It is clear that the O* binding strength at interface sites should be at least 

stronger than that at the sites of mono-phase constituent; otherwise, the interfacial O* will likely 

diffuse to the metal surface. On the contrary, too strong adsorption of O* will hinder the 

formation of oxygen vacancy and eventually block the overall catalytic cycle. Typically, the 

binding strength of interfacial O* species could possibly act as a descriptor for certain oxidation 

reaction in the metal/oxide bi-phase systems. Thirdly, the structural stability of metal/oxide 

interface is vital to guarantee its long-lasting work in practical operation. Although the thermal 

stabilities of different combination between oxide layers and support metals are not involved in 

our study, they can be evaluated by calculating the binding strength of MOx on the support 

metal, which has been extensively studied by Plessow and co-workers.65-66  

4. Conclusion 

In summary, this work is aimed at obtaining a comprehensive understanding of interfacial 

effects on catalytic reactions. The methanol partial oxidation (CH3OH + 1/2 O2  CH2O + H2O) 

at the FeO/Pt interfaces was chosen as a model system to address in general how the interfacial 

sites promote a catalytic reaction. The methanol decomposition reaction on the Fe-FeO/Pt, O-

FeO/Pt interfaces and Pt(111) surface was studied in detail, in which two possible pathways 

and reaction barriers were calculated. The results regarding adsorption energies of reactants and 

activation barriers are summarized in the following: 
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(i) The methanol adsorption energy on the flat Pt(111) surface is only -0.23 eV, which is much 

weaker than the CUF site of Fe-FeO/Pt (-0.70 eV) and the Pt-O ensemble of O-FeO/Pt 

interfaces (-0.76 ~ -0.89 eV). The methanol binding strength at the Fe site (-0.61 eV) would 

be weakened when the exposed Fe atom is oxidized. 

(ii) At the Fe site of Fe-FeO/Pt interface, methanol decomposition requires to activate the O-

H and C-H bonds via the activation energies of 0.46 and 1.16 eV, respectively, in pathway 

1; while the reaction barriers of C-H and O-H bond breaking are 1.63 and 0.10 eV, 

respectively, in pathway2. Thus, at the Fe site of FeO ribbon, the activation energies of C-

H bond cleavage (over 1 eV) are too high for the methanol decomposition in both pathways.  

(iii) On the Pt(111) surface, the O-H and C-H bond cleavage of methanol require to overcome 

the activation energies of 0.87 and 0.24 eV, respectively, in pathway 1; while the reaction 

barriers of C-H and O-H bond breaking are 0.67 and 0.81 eV, respectively, in pathway2. It 

is clear that the large barriers of O-H bond cleavage (over 0.8 eV) would hinder the 

methanol decomposition process at low temperatures. 

(iv) At the Pt-O ensemble of O2c-FeO/Pt interface, the O-H and C-H bond cleavage of methanol 

require to overcome activation energies of 0.04 and 0.17 eV, respectively, in pathway 1; 

the reaction barriers of C-H and O-H bond breaking are 0.68 and 0.03 eV, respectively, in 

pathway2. Remarkably, in pathway 1, both steps of C-H and O-H bond cleavage could be 

facilitated via low activation barriers (below 0.2 eV), which could be rationalized that the 

C-H and O-H bond could be activated by interfacial Pt and O atoms, respectively.  

By applying a multi-site micro-kinetic model, we obtain the following conclusions regarding 

the reaction process at the FeO/Pt interfaces: 

(i) The exposed Fe sites of the interface are predominately covered by OH* species, while the 

Pt substrate is mainly covered by O* species under the reaction condition. For the reactant 

adsorption, the methanol coverage is much higher at the FeO/Pt interface than the Pt(111) 

flat surface. The overall reaction rate of methanol partial oxidation at the FeO/Pt interface 

is dramatically faster than that on Pt mono-phase, showing significant advantages of 
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interfacial sites.  

(ii) The analyses of the degree of rate control XRC suggest the oxygen dissociative adsorption 

(O2 (g) + 2#2 ↔ 2O#2) and its removal steps (H#2 + OH#1 ↔ H2O (g) + #1 + #2) should be 

the rate determining step. Furthermore, it is notable that the former step shows a negative 

XRC value, indicating the overall reaction will be faster when increasing the barriers of O2 

dissociative adsorption on the flat Pt substrate, which might be a special feature in multi-

phase catalysis comparing to the mono-phase one. 

Finally, based on the mechanistic and micro-kinetic studies on the FeO/Pt system, we arrive at 

some simple guidelines with respect to further improving the performance of metal/oxide 

catalysts as follows: 

(i) In metal/oxide systems, increasing the barrier of oxygen dissociative adsorption on the 

metal mono-phase by using other metal substrates, such as Ag and Au, may give rise to 

higher activity of methanol partial oxidation. 

(ii) Screening a better oxide/metal combination with suitable binding ability of interfacial 

oxygen species to balance the adsorption of oxygen and its removal process may be 

additionally beneficial to the systems.  
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Scheme 1 Methanol decomposition pathways on the surface of catalysts.  
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Fig. 1 Structures of FeO/Pt interfaces. (a) Fe-terminated FeO/Pt(111) interface with exposed 

CUF sites (Fe-FeO/Pt); (b) transition state structure of O2 dissociation (O-O distance is 1.77 Å); 

(c) O2c-terminated FeO/Pt(111) interface (O2c-FeO/Pt); (d) O3c- and Obri-terminated FeO/Pt(111) 

interfaces (O3c- and Obri-FeO/Pt); (e) transformation of Fe-terminated edge to the most stable 

Obri-terminated edge. Dark-blue balls represent for Pt atoms, purple for Fe and red for O. This 

notation is used throughout this paper. 
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Fig. 2 Methanol adsorption at different sites of FeO/Pt interfaces: (a) Fe site of Fe-FeO/Pt; (b) 

Pt site of Fe-FeO/Pt; (c) Fe site of O2c-FeO/Pt; (d-f) Pt-O ensemble of O2c-, O3c- and Obri-FeO/Pt 

interfaces, respectively; (g) bar chart of methanol adsorption energies at (a-f) sites and Pt(111). 

Grey balls represent for C and white for H. This notation is used throughout this paper. 
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Fig. 3 Optimized structures of CH3OH decomposition on Fe-FeO/Pt interface: (a) CH3OH 

adsorption; (b-d) TS of O-H cleavage (TS1), intermediate state (IM) and TS of C-H cleavage 

(TS2) in pathway 1; (e-g) TS of C-H cleavage (TS1’), intermediate state (IM’) and TS of O-H 

cleavage (TS2’) in pathway 2; (h) CH2O adsorption.  

 

  



 23 / 32 
 

 

Fig. 4 Optimized structures of CH3OH decomposition on O2c-FeO/Pt interface. (a) CH3OH 

adsorption; (b-d) structures in pathway 1, including the TS of O-H cleavage (TS1), intermediate 

state (IM) and TS of C-H cleavage (TS2); (e-g) structures in pathway 2, including the TS of C-

H cleavage (TS1’), intermediate state (IM’) and TS of O-H cleavage (TS2’); (h) CH2O 

adsorption. 
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Fig. 5 Reaction profiles of methanol decomposition at the Fe- and O2c-FeO/Pt interfaces and 

flat Pt(111) surface. In the final state, the formaldehyde desorbs to the gas phase, and the 

dissociated hydrogen adsorbs at the interfacial oxygen site of FeO/Pt interface or the Pt site of 

Pt(111). The P1, P2 denote the pathway 1 and 2, respectively. 
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Fig. 6 The standard free energy profiles of methanol partial oxidation at the OH-FeO/Pt 

interface. The entropy effects of gas-phase O2, CH3OH, CH2O and H2O are included (T = 500 

K, the red line), in which Δ𝜇 𝑇Δ𝑆  = 0.55 eV; Δ𝜇 𝑇Δ𝑆  = 1.37 eV; Δ𝜇

𝑇Δ𝑆  = 1.27 eV; Δ𝜇 𝑇Δ𝑆  = 1.07 eV. The insets depict the detailed structures of the 

related state.  
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Table 1 Reaction energies of methanol decomposition at the FeO/Pt interface and Pt(111) 

surface. The unit is eV. 

 

  

Reactions 
Fe-FeO/Pt O-FeO/Pt Pt(111) 

Ea  ΔE  Ea  ΔE  Ea  ΔE  

CH3OH + *  CH3OH* N/A -0.70 N/A -0.76 N/A -0.23 

Pathway 1       

CH3OH* + *  CH3O* + H* 0.46 0.15 0.04 -0.02 0.87 0.64 

CH3O* + *  CH2O* + H* 1.16 -0.18 0.17 -1.22 0.24 -0.34 

Pathway 2       

CH3OH* + *  CH2OH* + H* 1.63 0.86 0.68 -1.13 0.67 -0.18 

CH2OH* + *  CH2O* + H* 0.10 -0.89 0.03 -0.11 0.81 0.49 

CH2O*   CH2O + * N/A 0.83 N/A 0.30 N/A 0.37 
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Table 2 Forward (rf), backward (rb), overall (r) reaction rates and degree of rate control (XRC) 

of each step of CH3OH partial oxidation at the OH-FeO/Pt interface.  

Reactions rf rb r XRC 

O2 (g) + 2#1 ↔ 2O#1 2.00E-09 1.02E-13 2.00E-09 9.99E-01 

O2 (g) + 2#2 ↔ 2O#2 1.79E-04 9.12E-09 1.79E-04 -2.00E+00 

O#2 + #1 ↔ O#1 + #2 1.94E+03 1.94E+03 3.57E-04 -3.69E-07 

CH3OH (g) + #2 ↔ CH3OH#2 2.77E+01 2.77E+01 3.57E-04 8.79E-08 

CH3OH#2 + O#1 ↔ CH3O#2 + OH#1 1.27E-03 9.18E-04 3.57E-04 1.91E-03 

CH3O#2 ↔ CH2O (g) + H#2 3.57E-04 1.92E-14 3.57E-04 4.90E-03 

H#2 + OH#1 ↔ H2O (g) + #1 + #2 3.57E-04 6.37E-10 3.57E-04 1.99E+00 
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