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ABSTRACT 

Monolayer iron oxides grown on metal substrates have been widely used as model 

systems in heterogeneous catalysis. By means of ambient-pressure scanning tunneling 

microscopy (AP-STM), we studied the in situ oxidation and reduction of FeO(111) 

grown on Au(111) by oxygen (O2) and carbon monoxide (CO), respectively. Oxygen 

dislocation lines present on FeO islands are highly active for O2 dissociation. X-ray 

photoelectron spectroscopy (XPS) measurements distinctly reveal the reversible 

oxidation and reduction of FeO islands after sequential exposure to O2 and CO. Our 

AP-STM results show that excess O atoms can be further incorporated on dislocation 

lines and react with CO, whereas the CO is not strong enough to reduce the FeO 

supported on Au(111) that is essential to retain the activity of oxygen dislocation lines. 
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I. INTRODUCTION 

Ultrathin oxide films on metal substrates show substantial differences in their physical 

and chemical properties compared with their bulk counterparts1,2,3. This phenomenon 

brings out the concept to design inverse oxide/metal catalysts that benefit from the 

strong oxide-metal interactions (SOMIs)4 ,5 . Elegant examples include iron oxide6 ,7 , 

cobalt oxide8 ,9 , molybdenum oxide10 , silica11 ,12 , titania and ceria13  on well-defined 

metal substrates14. Among these, iron oxide is one of the extensively explored systems 

because of its potential application in water-gas-shift reactions 15 , 16  and carbon 

monoxide (CO) oxidation17 ,18 . For example, key elements for CO oxidation are the 

active sites to dissociate oxygen 19 , 20 , 21  and to anchor CO, which facilitate the 

interaction of CO with weakly bonded oxygen to form CO2
22. Many reaction pathways 

have been proposed based on combined surface science characterization tools and 

density functional theoretical (DFT) calculations, including the Langmuir-

Hinshelwood type 23  and Mars-van Krevelen (MvK, creating a surface oxygen 

vacancy)24 ,25  mechanisms. It is commonly accepted that the oxide/metal interfacial 

sites are more active than the terraces. According to the preparation and characterization 

of a series of FeO(111)/Pt(111) films with different island sizes, Fu et al. addressed that 

the reactivity of CO oxidation increases as a function of the periphery density. Based 

on DFT calculations, they found that both coordinatively unsaturated ferrous (CUF) 

sites at the oxide/metal interface and neighboring Pt atoms are the active centers, with 

the former one to activate oxygen, and Pt to anchor CO26. The active sites have been 

directly demonstrated by a high-resolution scanning tunneling microscopy (STM) 

study27,28,29. 

Oxygen activation is the crucial step in CO oxidation19,21, 30 . A variety of 

mechanisms were proposed, such as the formation of oxygen vacancy31 ,32 , and the 

assistance of hydroxyl group in the presence of water33,34,35,36. Most of these models 

emphasize the importance of boundaries between oxide and metal supports, or metal 

particles on oxide supports where the lattice oxygen can react directly with CO. 

Therefore, the generation of oxygen vacancies on the surface of oxide is one crucial 

step in CO oxidation. Bilayer FeO films were found to form a trilayer O-Fe-O film, 
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where CO can react with the top-surface oxygen forming CO2 and leaving surface 

oxygen vacancy that will be replenished through the reaction with gas-phase oxygen37. 

In the absence of oxygen, oxidized FeO2-x on Pt(111) is also active for the oxidation of 

CO which takes place at the interface between reduced and oxidized phases in the oxide 

thin film (400-450 K). It is the Pt substrate that promotes the formation of active 

interface, while the FeO2-x with extra oxygen is essential for providing lattice oxygen 

to react with CO38. However, this catalyst barely can be regenerated even in oxygen 

rich conditions.  

Reaction of CO with O2 can produce carbonates on oxide surfaces39,40, while the 

possible reduction of FeOx to Fe by CO generates FeCx
41. These species are regarded 

as poisons that deactivate the catalysts42 . Preparing appropriate catalysts with high 

efficiency and stability,43 and optimizing reaction conditions are necessary to avoid 

deactivation. As the catalytic pathways and active sites depend on the pressure and 

temperature44, it is imperative to monitor the atomic and chemical structures of catalysts 

under reaction conditions45,46,47. The developments of ambient-pressure surface science 

techniques, such as ambient-pressure STM (AP-STM)48,49, and ambient-pressure X-ray 

photoelectron spectroscopy (AP-XPS) 50 ,20,21 have made it possible to bridge the 

pressure and temperature gap between traditional surface science studies in ultra-high 

vacuum (UHV) or low temperature and studies under reaction conditions51.  

Here, we use AP-STM to study the oxidation and reduction of FeO islands 

supported on Au(111) in O2 and CO, respectively. The fresh FeO(111) surface 

comprising oxygen dislocation lines shows no obvious activity towards 1.5 mbar CO 

exposure at room temperature (RT). A large number of O atoms can be incorporated 

after exposing to 10-2 mbar O2 gas that leads to the disappearance of dislocation lines 

on FeO(111) surface. Moreover, these dislocation lines are regenerated in 1.5 mbar CO 

gas. XPS measurements of Fe 2p and O 1s reveal the reversible oxidation and reduction 

of FeO islands after exposing to O2 and CO, respectively. Control experiments by 

sequential exposing FeO islands to O2 and CO show that the dislocation lines can be 

regenerated by exposing in 10-2 mbar O2. In present study, in situ AP-STM results allow 

us to distinguish the stability of iron oxide and the crucial role of surface O species in 
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determining the reactivity.   

II. METHODS 

A. Sample preparation. Au(111) was cleaned by several cycles of Ar+ sputtering (1.0 

keV, 15 min) and annealing (800 K, 10 min). Monolayer FeO islands were prepared 

using the method reported in Ref. 41 by evaporating iron atoms in 1.5×10-7 mbar O2 at 

300 K followed by annealing at 600 K for 5min, and cooling down to 300 K in O2 gas. 

B. Surface Science Studies. Both AP-STM and XPS were attached to the preparation 

chamber, which allowed the sample transfer within UHV.  

AP-STM measurements were performed at 300 K in batch mode with a commercial 

Leiden Probe Reactor STM setup 52 . The reactor cell is sealed by an inert 

fluoroelastomer ring, which allows switching the reactor cell between high-pressure 

(several bars) to UHV (∼10-8 mbar). All of the STM images were acquired in the 

constant-current mode with a top-to-down scan direction53. The scanning parameters 

are indicated in the figure captions.  

Low-temperature UHV STM measurements were performed at 77K using a SPECS JT-

SPM interfaced with a Nanonis controller. The sample was imaged in constant current 

mode using an electrochemically etched W tip. 

XPS experiments were performed in a separated UHV chamber at a base pressure better 

than 2×10-10 mbar. The XPS (SPECS) was operated using an Al Kα photon source 

(1486.6 eV) and hemispherical electron analyzer set to a constant pass energy of 50 eV. 

Spectra were shifted to align the Au 4f7/2 peak to a binding energy of 84.0 eV. The 

presented XPS data have a step size of 0.05 eV and Shirley background subtractions 

have been applied. All of the spectra were recorded at 300 K.  

C. DFT Calculations 

DFT calculations were carried using the code Cambridge Sequential Total Energy 

Package (CASTEP) of Materials Studio54. A plane-wave cutoff energy of 400 eV is 

used to describe the electronic wave functions. The Perdew-Burke-Ernzerhof (PBE) 

functional with the generalized gradient approximation (GGA) was used to deal with 

the exchange-correlation energies55. The Brillouin-zone integration was performed by 

a 4×4×1 Monkhorst-Pack grid. For FeO (111) surface, O-terminated surface was 
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selected and modeled with a four-layer 2×2 super-cell (four Fe layers and four O layers) 

with the coverage of selected adsorbates of 1/4 monolayer. The Hubbard-U method was 

applied for the 3d-electrons of Fe atoms56. U = 5 eV was used for Fe ions to explore the 

correlation effects in 3d orbitals. Spin-polarization was considered for all calculations. 

The adsorbates and upper two layers are relaxed during all the optimization, while other 

layers are fixed. A vacuum layer of 15 Å is added along the direction perpendicular to 

the slab to avoid artificial interactions between the slab and its periodic images. The 

convergence criteria for configuration optimization is set to the tolerance for SCF, 

energy, maximum force, with a maximum displacement of 2.0×10−6 eV/atom, 2.0×10−5 

eV/atom, 0.05 eV/ Å and 2.0×10−3 Å.  

Au(111) is inert to both the CO and O2 dissociation, and it acts as a support for the 

formation of FeO thin film. The coordinatively unsaturated sites of FeO on metal 

surfaces and the critical role of strong oxide-metal interactions in CO oxidation have 

been extensively explored4,6,14. In current studies, we mainly focused on the CO 

reactions with the activated O atoms on the FeO terrace, so we use FeO(111) only 

without considering the substrate in our calculations. According to our STM and XPS 

experiments, the oxygen dissociated along the dislocation lines to generate active 

oxygen atoms. Therefore, it is reasonable to simplify the model by using an individual 

O atom on the FeO(111) surface to stress the effect of these pre-adsorbed O atoms on 

CO oxidation.  

The transition states (TS) are searched by complete Linear Synchronous Transit 

(LST) and Quadratic Synchronous Transit (QST) methods57. Furthermore, frequency 

analysis has been employed to ensure the TS with only one imaginary frequency. TS 

confirmation is made to ensure it leads to the desired reactant and product53.  

The adsorption energies on the FeO(111) surface are defined as: 

𝐸 𝐸 𝐸 𝐸 ⁄   (1) 

Where Eadsorbate/slab, Eadsorbate and Eslab are the total energy of the surface with the 

adsorbate, the energy of the adsorbate and the energy of the surface. 

For a reaction such as AB→A + B, the reaction energy (ΔH) and energy barrier (Eb) 

were calculated on the basis of the following formulas:  
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∆𝐻 𝐸 ⁄ 𝐸 ⁄   (2) 

𝐸 𝐸 ⁄ 𝐸 ⁄   (3) 

where E(AB)/surface is the total energy of the adsorbed AB, E(A + B)/surface is the total energy 

of the co-adsorbed A/B on the metal surface, and the ETS/surface is the total energy of the 

transition state on the metal surface. 

III. RESULTS AND DISCUSSION 

A. CO and O2 on FeO(111) 

 

 
FIG. 1. FeO islands on Au(111). (a) LT-STM image of freshly prepared 0.8 ML 
FeO(111) on Au(111). Inset is a line-scan profile along the arrow across two domains; 
(b) Enlarged LT-STM image showing dislocation lines; (c) Freshly prepared FeO(111) 
with dislocation lines, image taken with AP-STM in UHV; (d) Zoomed image taken 
from the square in c. The arrows indicate the directions of the dislocation lines with an 
angle of 60º; (e) Same region during exposure to 1.5 mbar of CO; (f) large-scale image 
of FeO islands taken in 1.5 mbar CO; (g) Proposed ball model showing the dislocation 
lines that are composed of 4-fold coordinated Fe atoms. The structure is based on 
previous experiments and theory27,64,65,. (h) Enlarged model showing the 3-fold and 4-
fold coordinated Fe atoms. Scanning parameters for (a) and (b) are 1V, 100pA and -
50mV, 200 pA, respectively. The sample bias for all the AP-STM images is -0.2 V. 
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Monolayer iron oxide was prepared by depositing iron on Au(111) in 10-7 mbar O2, 

followed by cooling the sample in 10-7 mbar O2 to RT. The coverage can be precisely 

controlled by tuning the deposition time. Fig. 1(a) is a large scale STM image of 0.8 

monolayers (ML) FeO on Au(111), whereby 1ML corresponds to a fully covered FeO 

film on Au(111). The FeO island exhibits a height of 1.5 Å along with a modulated 

Moiré pattern of 3.2 nm due to the lattice mismatch. The triangular loops are O adatom 

dislocation lines where the Fe atoms are four-fold coordinated58. As a result, these lines 

appear bright in STM topography22,59, as shown in the enlarged STM image of Fig. 1(b). 

In addition to FeO(111), other metal oxide thin films on well-defined metal substrates 

also exhibit such feature, such as CoO bilayer on Au(111)60  and Pt(111)61 , which 

depends on the oxygen pressure. In our control experiments, the iron oxide prepared 

without cooling in oxygen exhibits no such lines (Fig. S1 in supporting information). 

As the CUF sites are active for O2 dissociation, we prepared FeO islands at low 

coverage on which the density of O adatom dislocation lines is much higher than that 

in the large island, as shown in Fig. 1(c). Fig. 1(d) is an enlarged STM image taken 

from the white square in panel (c) that presents the dislocation lines with matched 

orientation with respect to the high-symmetric direction on the Au(111) substrate. The 

island marked by “i” was used as a reference to show the sequential scan in the same 

area (because of the drift during scan in our AP-STM system). The corresponding line 

profile selected to cross the pristine FeO island presents a thickness of ~1.5 Å, while 

the dislocation lines have a height of ~0.8 Å (Fig. S2). Introducing 1.5 mbar CO into 

the reactor cell, neither the FeO islands nor the Au substrate shows any morphology 

change (dislocation lines), even after extending the exposure time (Fig. 1(e) and 1(f)). 

This finding is consistent with previous experimental results that bare FeO is inert to 

CO oxidation37 under the conditions used in temperature-programmed 

desorption/reaction (TPD, TPR) studies42, 62 . The observed dislocation lines are 

indicated with the ball sketch in Fig. 1(g). These dislocation lines have been reported 

previously in the case of lattice displacements due to the formation of four-coordinated 

metal atoms within metal oxide films supported on Au(111)58 and Pt(111)63. Schematic 

models in Fig. 1(h) depict the 4-fold coordinated Fe atom along the dislocation lines 
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and the perfect FeO island with the 3-fold coordinated Fe atoms. 

After CO exposure, the reactor cell was evacuated to UHV (10-8 mbar), followed 

by introducing 10-2 mbar O2. Fig. 2(a) shows the same scanning area before introducing 

O2 gas. The dislocation lines on FeO disappear simultaneously after O2 exposure. These 

islands are referred as FeOx to distinguish them from the freshly prepared films. 

Meanwhile, the FeOx islands and Au surface are decorated with bright dots (Fig. 2(b)). 

These images were recorded under 10-2 mbar O2 at 300 K. Fig. 2(c) to 2(e) are 

sequential scans taken after O2 exposure for 3 mins, 8 mins and 14 mins, respectively. 

The white and yellow arrows highlight adsorbates on FeO islands and Au(111) with an 

average size of ~0.8 nm (Fig. S3, supporting information), respectively. These species 

are highly mobile at the initial stage of O2 exposure. After 20 mins, the whole surface 

was in an equilibrium situation without further change on morphology, as shown in Fig. 

2(f). Compared to the bilayer FeO before O2 exposure, the FeOx islands are still 

atomically flat but with an increased height of 4.0Å, suggesting the incorporation of a 

layer of O atoms37. Fig. 2(f) 

 
FIG. 2. Disappearance of dislocation lines after O2 exposure. (a) Large-scale STM 
image of FeO/Au(111) after the evacuation of CO; (b) the same area after introducing 
10-2 mbar O2; island marked with “ii” is used as a reference to show the morphology 
change; (c) after 3mins, all the dislocation lines disappeared; the white and yellow 
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arrows indicate the mobile clusters on FeOx islands and Au surface, respectively; (d) 
Zoom in scan shows the disappearance of dislocation lines on “ii”; (e) Exposure to 10-

2 mbar O2 for 14 mins. White and yellow arrows indicate the bright spots on FeOx 
islands and Au surface, respectively; (f) The FeOx islands get equilibrium after exposure 
for 20min under 10-2 mbar O2. The line-scan profile is taken along the red-dashed line 
in (f). The sample bias for all the images is -0.1 V. 

shows the transformation of the dislocation lines into dark-colored lines on each island 

after O2 exposure. The whole processes demonstrate the oxygen activation along both 

the edges of FeO islands and the lines, which have also been detected on cobalt oxide 

islands comprising dislocation lines64 . The morphology of FeOx islands remained 

unchanged in UHV after the evacuation of O2 (Fig. 3(a)), which is crucial for ex situ 

XPS measurements.  

B. Reduction of FeOx(111) islands in CO  

 
FIG. 3. Regeneration of dislocation lines after CO exposure. (a). large-scale STM 
image of FeOx/Au(111) after the evacuation of O2; (b). Image taken from the square in 
a after introducing 1.5 mbar CO. The yellow arrows highlight the reappearance of 
dislocation lines on FeOx islands; (c). Zoom-in scan from the up-right of panel b 
showing the reappearance of dislocation lines (yellow arrows); (d). sequential scan after 
CO exposure for 10min, the yellow arrows show more dislocations lines than those in 
c; (e-h): island “iv” is used as a reference to show the generation of mobile bright spots 
(dashed ellipsoids in f-h); (i-k): After CO exposure for more than 2 hrs. AP-STM image 
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shows the stabilization of the bright spots and the regeneration of dislocation lines; (l) 
Line-scan profile taken along the yellow arrow in (k). The CO exposure time is imposed 
at the up-left corner of each panel.  

In the next stage, we exposed the iron oxide islands to 1.5 mbar CO at RT by monitoring 

the morphology changes. The FeOx islands after CO exposure are denoted by R-FeOx. 

Since there are excess O adatoms on the FeOx islands, oxidation of CO is expected37. 

Fig. 3(a) is a large-scale STM image of the FeOx islands after evacuation of O2. Fig. 

3(b)-(d) are sequential scanning images under 1.5 mbar CO. The yellow arrows 

highlight the regeneration of dislocation lines after CO exposure [Fig. 3(d)]. The 

smaller the island is, the longer time required to regenerate the dislocation lines, which 

can be ascribed to size-dependent structural dynamics65, as can be seen in Fig. 3(d) after 

CO exposure for 10 mins. Meanwhile, highly mobile bright-spots reappear on R-FeOx 

islands and Au(111), as highlighted by dashed ellipsoids in Figs. 3(e)-(g). A zoom-in 

scan of Fig. 3(h) clearly shows the regeneration of dislocation lines (arrows), while the 

bright dots still can be detected even after CO exposure for more than 100 mins (circles 

in Fig. 3(i)).  

Further increasing the CO exposure time, neither morphology change on the R-

FeOx islands nor the mobile spot has been observed after reaching equilibrium (Fig. 

3(j)). The dislocation lines are clearly visible, while the bright spots are still stabilized 

on each island, as shown in the zoom-in scan of Fig. 3(k). Furthermore, compared with 

the thickness of pristine and oxidized FeOx islands, CO exposure leads to an average 

height of ~2.5Å, indicating the removal of O atoms, as plotted in Fig. 3(l) (Fig. S4, 

supporting information). It is noted that all the images used for line profile 

measurements were taken under UHV at RT after evacuating the reactor cell with 

sample bias of -0.1 and -0.2 V to minimize the effect of local density of electronic states. 

C. XPS studies of the oxidation and reduction processes 

Surface species after AP-STM imaging after each reaction step were interrogated by 

XPS measurements. As shown in Fig. 4(a), the Fe 2p core levels are split into 2p1/2 and 

2p3/2 components due to the spin-orbit coupling. The Fe 2p3/2 core level spectra for 

elemental Fe on Au(111) and FeO(111)/Au(111) is located at 706.9 eV and 709.62 eV, 
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respectively, which agrees with the literature values42. The asymmetrically broadened 

Fe 2p3/2 peak of FeO is due to a satellite excitation of the Fe2+ species66. The Fe 2p peak 

shifted to 709.07 eV after exposing to 1.5 mbar CO for 1 hr. Since there is no 

morphological change on the dislocation lines, the lattice oxygen at the oxide/metal 

interface may be involved directly in the CO oxidation67, leading to partial reduction of 

FeO at the edges. The Fe 2p peak shifted to 710.41 eV after 10-2 mbar O2 exposure. 

 
FIG. 4. (a) Fe 2p, (b) O 1s and (C) C 1s XPS spectra acquired of (from bottom to top): 
fresh iron island on Au(111) (only in a); fresh FeO/Au(111); after CO exposure only; 
after O2 exposure only; first O2 exposure, then evacuate the reactor cell, and finally CO 
exposure; alternate O2, CO and O2 exposure; and two cycles of O2 and CO exposure, 
as the reaction conditions shown. The O2 and CO pressure used in each cycle is 
controlled in the range of 1~2×10-2 mbar and 1.5~1.9 mbar, respectively. 

One probable reason is the formation of trilayer O-Fe-O because the binding energy is 

comparable with FeO2 islands on Pt(111) that the peak position of Fe 2p3/2 shifts to 

710.1 eV after O2 exposure29. However, the peak intensity exhibits a minor increase, 

which is significantly different from the doubling peak intensity of FeO2 on Pt(111). 

Furthermore, according to previous XPS studies on the O-M-O trilayer, the oxygen 

atoms at the upper- and lower-side exhibit a lower and higher binding energy, 

respectively29. The transformation of FeO to FeO2 is therefore probably due to the 

intercalation of O atoms at the interface between FeO and the metal substrate. 

Accordingly, the O 1s should have a new peak at higher binding energy29. A new peak 

detected at 530.63 eV is higher than that of pristine FeO, and it is assigned to O atoms 
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incorporated on FeO terraces [Fig. 4(b)]. This assignment is consistent with the AP-

STM images where the dislocation lines disappeared along with increase in the height 

of FeO islands. It is noteworthy from the XPS results that the peak shape and position 

of Fe 2p3/2 have minimal change in each cycle after CO exposure (see details in 

methods). As the iron oxide islands are stable after evacuating the reactor cell, we 

proceeded to repeat reaction cycles by sequential O2 and CO exposure. O2 exposure 

leads to increased intensity of the peak at 710.4 eV, whereas CO exposure has no 

significant impact on the peaks. The binding energy of the O 1s peak is independent of 

the oxide phase29,68, the main peak after different reactions still located at 530.26 eV, as 

shown in Fig. 4(b).  

In contrast to the reduction of FeO/Au(111) in CO at elevated temperature and 

pressures which is deactivated by significant formation of carbonates and FeCx, FeO 

islands can be regenerated after CO exposure at 300 K and moderate pressures, where 

no FeCx (indicated by a characteristic feature at 708.5eV)41,69 is detected by XPS. As 

shown in Fig. 4(c), C 1s spectrum point to the absence of carbonates as well (290 eV 

for CO3)41. As the accumulation of carbon species can severely deactivate iron oxide 

catalysts, it is essential to either suppress the formation of carbon-containing species or 

remove these adsorbates effectively during reactions70. As the reaction temperature and 

pressure of reactant significantly influence the surface reactions, precise control of 

pressures (1.5~1.9 mbar CO) and sequential exposure to reactants would be a probable 

way to avoid the formation of carbon-containing species.  

D. High activity of O-activated FeO for CO oxidation: DFT studies  

To correlate the reversible oxidation and reduction of FeO(111) supported on 

Au(111) with the mechanism of CO oxidation, we performed DFT calculations. The 

surface structure of FeO(111) is depicted in Fig. 5a, with the oxygen atoms exposed to 

the vacuum41. We optimized the adsorption configurations of CO, O and CO2 on  
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FIG. 5. Top and side views of (a) optimized FeO(111) surface; adsorption 

configurations of (b) CO, (c) O and (d) CO2 on the FeO(111) surface. Carbon, oxygen 

and iron atoms were represented as gray, red and blue balls.  

 

the FeO(111) surface, and calculated the adsorption energies at different active sites 

(Table 1). Fig. 5(b)-(d) demonstrated the most stable configurations of CO, O and CO2 

on FeO(111), respectively. Both the CO and O atoms prefer to reside at the face-

centered cubic (fcc) hollow sites. The calculated adsorption energy of CO is -1.39 eV, 

in accordance with previous reports (-1.41 eV)71 . Individual O atoms have a much 

higher adsorption energy. In the case of CO2, results indicate its weak physisorbtion on 

the FeO(111) surface with a negligible value of -0.07 eV, suggesting that it can easily 

desorb from the surface (Fig. 5d). Meanwhile, the pre-adsorption of oxygen on FeO(111) 

weakened CO adsorption to -1.16 eV. The decrease in energy has a profound impact on 

the kinetics of CO oxidation. To examine the catalytic activity toward CO oxidation on 

Table 1 The adsorption sites, adsorption energies and key parameters for related 
species on FeO(111) surface. 

Surface Species Configurations 
Bond 

lengths/Å 

Adsorption 

energies/eV 

FeO(111) CO fcc, C-bound d C-O = 1.19 -1.39 

O fcc, O-bound d O-O = 2.42 -2.58 

CO2 
top, away from the 

surface 
N. A. -0.07 
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different surfaces, we explored the MvK mechanism for the oxidation of CO on bare 

and O pre-covered FeO(111) surface. 

Two different reaction pathways were explored by using the adsorption 

configuration of CO2 as the final state. Fig. 6 demonstrated the calculated potential 

energy surface for the CO oxidation reaction on different surfaces. Initial states (IS), 

transition states (TS) and final states (FS) of two different reaction pathways are 

depicted in each stage. Starting from the bare FeO(111) surface which followed the 

MvK mechanism, as shown in Fig. 6 (top row). The adsorbed CO molecule at the fcc 

hollow site can easily diffuse to the bridge site (TS1). CO reacts with the nearby lattice 

oxygen when it is adsorbed on the bridge side (green arrow in TS1), forming 

chemisorbed CO2. Finally, the CO2 weakly physisorbed above the surface 

  

FIG. 6. Potential energy profiles of CO oxidation on FeO(111) surfaces. Theoretical 

models are corresponding to the initial states (IS), transition state (TS) and final state 

(FS) in two different reaction pathways are imposed. The green arrow in TS1 indicates 

the lattice oxygen in FeO island; the dashed-black circle represents the missing lattice 

oxygen that participates the surface reaction to form CO2; dashed-white circles in the 
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bottom reaction path indicate the adsorbed O atom on FeO. Carbon, oxygen and iron 

atoms are represented as gray, red and blue balls. 

Table 2 Energies of CO oxidation reaction on different FeO(111) surfaces 

Surfaces Reactions TS E(b)f/eV ΔH/eV 

FeO(111) CO + Olattice → CO2  TS1 0.75 0.39 

O-FeO(111) CO + Oads → CO2  TS2 0.26 0.14 

E(b)f is the energy barrier of the forward reaction; ΔH is the reaction energy. 

 

(FS1). The reaction is endothermic (0.39 eV), with an energy barrier of 0.75 eV (Table 

2). The rate-determining step is extracting lattice oxygen, which is a common barrier 

for many surface reactions involving lattice oxygen72,73. 

Next, we examined the CO oxidation reaction on an O-decorated FeO(111) surface. 

In our study, to reduce the computational complexity, we modeled the oxygen pre-

covered surface by using an individual O atom44. The O2 dissociation is the rate-

determining step in CO oxidation on types of catalysts74. Formation of strong C-O bond 

in CO2 overcompensates the energy cost of removing the O atom from the surface. As 

demonstrated previously, the formation energy of an oxygen vacancy on FeO2/Pt(111) 

(1.3 eV) is about half of that on the pristine FeO/Pt(111) (2.8 eV)70. In current case, the 

dislocation lines activated O2 on the FeO terrace and incorporated O atoms that would 

reduce the reaction barrier. As depicted in the bottom row of Fig. 6, a CO molecule 

diffused from the fcc hollow site to the bridge site, which located closer to the adsorbed 

O atom (TS2, highlighted by the circle). Subsequently, the CO molecule reacted with 

the O atom, forming chemisorbed CO2. The reaction barrier for this process was 

calculated to be 0.26 eV with an endothermic value of 0.14 eV (Table 2). Clearly, the 

FeO surface with pre-adsorbed O atoms is more reactive than bare surface. Note that, 

in our model, only the reaction at the flat terraces of the FeO film was considered. The 

CO interaction at the edges of FeO islands even without oxygen pretreatment, revealed 

by XPS, can occur at a lower energy cost75. 

 

IV. CONCLUSIONS 
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In summary, we performed AP-STM and XPS to study the oxidation and reduction of 

FeO(111) islands supported on Au(111) surface. The disappearance of dislocation lines 

upon O2 oxidation resulted in the incorporation of excess O atoms on the oxide islands. 

Exposing CO gas caused the regeneration of dislocation lines that correlated with the 

promotion of CO oxidation by surface O atoms. DFT calculations compared the 

reaction barriers of CO on bare and oxygen modified FeO(111) surfaces, revealing a 

significant energy barrier drop after introducing adsorbed oxygen atoms. Excess 

oxygen on metal oxide surfaces could therefore be used to activate or regenerate actives 

sites for oxidation nanocatalysts. 
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