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 ABSTRACT 

A single-atom catalyst (SAC) that was first proposed by us in 2011 has aroused

significant recent interest. Among the various SACs, FeOx-based ones including 

Pt1/FeOx, Ir1/FeOx, Au1/FeOx, Ni1/FeOx, and Fe1/FeOx have been investigated either

experimentally or theoretically for CO oxidation. However, a systematic study

of FeOx-based SACs has not been conducted. For a comprehensive understanding

of FeOx-supported single-metal-atom catalysts, extensive density functional 

theory calculations were carried out on the activities and catalytic mechanisms 

of SACs with the 3d, 4d, and 5d metals of group VIII to IB, i.e., M1/FeOx (M = Fe, 

Co, Ni, Cu; Ru, Rh, Pd, Ag; Os, Ir, Pt, Au) for CO oxidation. Remarkably, a new

noble metal SAC, Pd1/FeOx, with high activity in CO oxidation was found and is 

predicted to be even better than the previously reported Pt1/FeOx and Ni1/FeOx. 

In comparison, other M1/FeOx SACs (M = Fe, Co, Cu; Ru, Rh, Ag; Os, Ir, Au) 

showed only low activities in CO oxidation. Moreover, the adsorption strength

of CO on the single-atom active sites was found to be the key in determining

the catalytic activity of these SACs for CO oxidation, because it governs the

recoverability of oxygen vacancies on their surfaces in the formation of a second

CO2 during CO oxidation. Our systematic studies of FeOx-supported SACs will 

help in understanding the fundamental mechanisms of the interactions between 

singly dispersed surface metal atoms and FeOx substrate and in designing highly 

active FeOx-supported SACs. 

 
 

1 Introduction 

Oxide-supported metals are used extensively as 

catalysts in the chemical industry. It is well known 

that metal size [1–11] and substrate type [6, 12–14] are 

important factors that determine the performances of 
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such catalysts. Notably, reducing the size of metal 

particles to nano-/subnanoclusters or even to single 

atoms can greatly enhance the activity of a metal species, 

although this lowers the intrinsic thermodynamic 

stabilities of these species owing to high surface energies. 

However, with appropriate supports or ligands, the 

single atoms and small-sized clusters can be stabilized 

via covalent metal-support interactions (CMSIs) in 

addition to ionic interactions.  

Our first realization of a practical single-atom catalyst 

(SAC) [1] demonstrated that Pt particles or clusters 

can be reduced in size to monodispersed single-atom 

Pt1 active sites on an FeOx support. Interestingly, this 

Pt1/FeOx SAC was found to be highly efficient for CO 

oxidation reactions. Our density functional theory 

(DFT) calculations showed that the high catalytic 

activity was correlated with the partially vacant 5d 

orbitals of the positively charged, high-valent Pt atoms, 

which reduce the likelihood of CO poisoning and 

facilitate the adsorption and activation of dioxygen.  

Since its proposal, significant progress has been 

made on the SAC concept over the past several years. 

SACs with different metals or substrates have been 

found to exhibit excellent catalytic performances and 

stabilities in various chemical reactions [4, 5, 8, 15–55]. 

FeOx-supported SACs now include not only Pt1/FeOx 

but also Ir1/FeOx [8, 56], Au1/FeOx [57, 58], Ni1/FeOx [59], 

and Fe1/FeOx [26]. These SACs also contain well-defined 

single metal atoms on iron oxide, but the catalytic 

behavior in CO oxidation varies with the metal used. 

For example, experimental results revealed that   

the Ir1/FeOx catalyst showed lower activity for CO 

oxidation than Pt1/FeOx [56]. Meanwhile, a theoretical 

investigation predicted that the non-noble SAC Ni1/ 

FeOx can show high catalytic activity for CO oxidation 

at room temperature, but the non-doped Fe1/FeOx 

substrate is nearly inert [26]. Using a similar theore-

tical model to that reported in Ref. [1], Li et al. studied 

the catalytic properties and mechanisms of several 

M1/FeOx SACs (M = Rh, Pd, Co, Cu, Ru, and Ti) for 

CO oxidation and the adsorption of CO and O2 on 

Au1/FeOx [60]. However, a comprehensive fundamental 

understanding of the stability and activity trends in 

the periodic table as well as the catalytic mechanisms 

of the FeOx-based SACs with 3d, 4d, and 5d metals 

from groups VIII to IB for CO oxidation is still 

necessary. Among the various efforts to elucidate the 

nature of the stability of SACs, the recent work by 

Liu et al. is of particular importance; they studied the 

stabilities of SACs on various supports and formed a 

chemical potential-based model for the design of highly 

stable SACs on oxide surfaces [28, 61]. Such a study 

can enable systematic screening of FeOx-based SACs 

so as to guide future experiments. 

CO oxidation has been investigated extensively and 

is important for environmental protection, exhaust 

purification for motor vehicles, gas purification for 

closed-cycle CO2 lasers, CO detectors, and other appli-

cations [7, 62–68]. CO oxidation is also an elementary 

step in the water-gas shift (WGS) reaction [8, 69, 70]. 

Moreover, preferential oxidation of CO in H2 (PROX) 

is also a key step in removing CO from reforming gas 

in fuel cell applications [71]. In the past few decades, 

a number of oxide-supported transition metals (Pt, 

Au, Ir, Pd, Ni, etc.) [1, 5, 72–74] have been identified 

as active catalysts for CO oxidation.  

In order to systematically determine the activities 

and catalytic mechanism of M1/FeOx SACs in CO 

oxidation and elucidate the nature of the binding of 

single M1 3d, 4d, and 5d atoms from groups VIII to IB 

(M = Fe, Co, Ni, Cu; Ru, Rh, Pd, Ag; Os, Ir, Pt, Au) to 

an FeOx support in these M1/FeOx SACs, we conducted 

extensive theoretical investigations using relativistic 

DFT on the possible catalytic reaction mechanisms 

with some M1/FeOx (M = Co, Cu; Ru, Rh, Pd, Ag; Os) 

SACs and the electronic properties of the reactants, 

transition states, and intermediate products. Mean-

while, Bader charge analysis was conducted and the 

adsorption energies of CO on the surfaces of the 

M1/FeOx SACs and the density of states (DOS) were 

calculated to evaluate the performances of these M1/FeOx 

catalysts in CO oxidation. These results together with 

previously published results [1, 26, 57, 59] enable the 

systematic evaluation of all M1/FeOx catalysts with 

metals from group VIII to IB. Based on these studies, 

a new SAC, Pd1/FeOx, is predicted to show promising 

catalytic activity for CO oxidation at room temperature. 

Meanwhile, the adsorption strength of CO on the 

single-atom active sites, identified as a catalytic des-

criptor, was found to be the key factor in the catalytic 

activity for CO oxidation in these SACs because it 

governs the recoverability of oxygen vacancies on 
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their surfaces in the formation of a second CO2. These 

results can help in understanding the fundamental 

mechanisms of FeOx-based SACs in CO oxidation 

and designing highly active FeOx-supported SACs for 

practical applications involving CO oxidation. 

2 Computational details 

As in our previous work [1], the (0001) surfaces of 

α-Fe2O3 were represented by a periodic slab model 

constructed using bulk cell dimensions: a = b = 5.04 Å 

and c = 13.72 Å. Since α-Fe2O3 is antiferromagnetic and 

has an atomic magnetic moment on the iron atoms, we 

used the primitive rhombohedral unit cell of Fe2O3 

with the magnetic configuration (+ − − +) to build the 

surface slab; this was previously shown to be the 

most energetically favored magnetic configuration for 

α-Fe2O3 [75]. A vacuum distance 12 Å wide in the 

direction perpendicular to the surface was applied  

to eliminate the interaction between layered nano-

structures in the adjacent cells. Since the relaxations 

of the Fe2O3 surfaces are usually very large [1, 76], 

we chose slabs containing 12 layers of Fe atoms and 

seven atomic layers of O3 (see below) to model the 

O3-terminated surfaces [1]. The ten top-layer slabs  

of the surface were allowed to relax while the other 

layers beneath the surface were frozen during the 

geometry optimizations. On the basis of previous 

studies [1, 16], the relatively favorable O3-terminated 

surface of Fe2O3(0001) was selected to stabilize the M1 

(M = Co, Ni, Cu; Ru, Rh, Pd, Ag; Os) single atoms; 

each M1 atom was coordinated to three surface oxygen 

atoms (i.e., the O3 atoms), with the third-layer Fe atoms 

lying below the M1 atoms. The single M1 atoms can be 

viewed as being in this location owing to replacing the 

surface Fe atoms on the O3-terminated surface. 

The theoretical calculations were performed at the 

DFT level using the Vienna ab initio simulation package 

(VASP) [77, 78]. The core and valence electrons were 

represented by using the projector augmented wave 

(PAW) [79] method and plane-wave basis functions 

with a kinetic energy cut-off of 400 eV [1]. Inasmuch 

as heavier M1 transition metals have significant 

relativistic effects, the mass-velocity and Darwin 

relativistic effects were included through the PAW 

potentials, without accounting for the possible spin- 

orbit effects. The generalized gradient approximation 

(GGA) with the Perdew–Burke–Ernzerhof (PBE) [80] 

exchange-correlation functional was used in the 

calculations. A 3 × 3 × 1 Monkhorst–Pack grid was used 

to sample the surface Brillouin zone [1]. Ground-state 

atomic geometries were obtained by minimizing the 

forces on the atoms below 0.02 eV/Å. Because of the 

strong d-electron correlation effects for Fe and other 

3d metals, the calculations were carried out with the 

DFT+U method using the formalism suggested by 

Liechtenstein and Dudarev et al. [81]. The parameters 

were set to U = 4 eV and J = 1 eV based on a previous 

study [1]. The transition states were obtained by 

relaxing the force below 0.05 eV/Å using the dimer 

method [82]. 

3 Results and discussion 

3.1 Catalytic cycle of CO oxidation on M1/FeOx 

catalyst 

In order to determine the relative catalytic perfor-

mances of the 3d, 4d, and 5d metals from groups VIII 

to IB supported on α-Fe2O3, we used our previous 

geometric model [1, 26, 56, 57] with an oxygen vacancy 

(Ovac) on the (0001) surface of α-Fe2O3 to investigate 

the catalytic mechanism for CO oxidation on M1/FeOx 

(M = Co, Cu; Ru, Rh, Pd, Ag; Os), with our previous 

results from Pt1/FeOx [1], Ir1/FeOx [56], Au1/FeOx [57], 

Ni1/FeOx [59], and Fe1/FeOx [26] as references. The 

local site of the geometric model of M1/FeOx is shown 

in Scheme 1. 

 

Scheme 1 Local SAC site of the geometric model of M1/FeOx. 
OA1 and OA2 represent the surface lattice O atoms of the support, 
and Ovac is located at the upper-right corner. 
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As indicated in step i of Fig. 1, the optimized M1–OA1 

and M1–OA2 bond lengths (see Scheme 1) were 1.78 

and 1.77 Å for Fe1/FeOx, 1.74 and 1.73 Å for Co1/FeOx, 

1.87 and 1.85 Å for Ru1/FeOx, 1.91 and 1.89 Å for 

Rh1/FeOx, 1.79 and 1.79 Å for Os1/FeOx, and 1.85 and 

1.83 Å for Ir1/FeOx [56], respectively (see Table S1 in 

the Electronic Supplementary Material (ESM)). These 

results show that different single atoms have distinctive 

binding geometries, thus providing opportunities  

to tune catalytic properties by adjusting the hetero-

geneously supported surface metal atoms. 

3.1.1 Formation of the first CO2 associated with oxygen 

dissociation 

Like that on Ni1/FeOx, the formation of the first CO2 

associated with oxygen dissociation was also found 

to occur on other M1/FeOx (M = Fe, Co; Ru, Rh; Os, Ir) 

SACs. The energy profile is shown in Fig. 1, while  

the schematic structures at each reaction step shown 

beneath the reaction pathways and the optimized 

partial bond lengths are displayed in Table S1 (in the 

ESM).  

On these surfaces, O2 dissociates with one oxygen 

atom (OB) vertically adsorbed on the single M1 atoms 

(M = Fe, Co; Ru, Rh; Os, Ir) and the other (OC) in the 

Ovac site (step iidis). The OB–OC bond lengths were 2.70,  

 

Figure 1 Proposed reaction pathway of the formation of the first 
CO2 associated with oxygen dissociation on M1/FeOx (M = Fe, Co; 
Ru, Rh; Os, Ir) catalysts, starting from the surface with the Ovac. 
Here, the OB and OC atoms are derived from the dissociation of 
an oxygen gas molecule, while the OD atom comes from CO gas. 

2.82, 3.14, and 3.18 Å on the M1/FeOx SACs when M 

was Fe, Co, Rh, and Ir, respectively. Meanwhile, the 

adsorption energies of dissociated O2 (3.75, 3.11, 3.54, 

and 3.85 eV) were much higher than those of adsorbed 

O2 (2.14, 2.02, 2.23, and 1.20 eV) on the M1/FeOx SACs 

(M = Fe, Co; Rh; Ir, see Table S2 in the ESM), indicating 

that an adsorbed oxygen molecule (O2,ad) is easier to 

dissociate on these single M1 atoms and Ovac in M1/FeOx. 

Moreover, on the surfaces of the Ru1/FeOx and 

Os1/FeOx SACs, only the dissociative state of O2 can 

be obtained, suggesting that such dissociation occurs 

spontaneously, and the calculated adsorption energies 

of dissociated O2 were as high as 4.52 and 5.02 eV, 

respectively, consistent with the value from a previous 

report on O2 adsorption on Ru1/FeOx (4.48 eV) [61].  

In step iiidis, the first CO is adsorbed on the single 

M1 atoms via the Langmuir–Hinshelwood (L–H) mech-

anism [84, 85], with binding energies of −0.20, 0.19, 

−0.05, −0.14, 0.26, and 0.66 eV (negative values here 

represent as endothermic adsorption) when M was Fe, 

Co, Ru, Rh, Os, and Ir, respectively. As OB approached 

the carbon atom of co-adsorbed CO, the distances 

between them (C–OB) decreased from 2.36 to 1.94 Å 

(Fe), 2.35 to 1.90 Å (Co), 2.54 to 1.75 Å (Ru), 2.49 to 

1.79 Å (Rh), 2.56 to 1.70 Å (Os), and 2.49 to 1.71 Å (Ir), 

leading to low activation barriers of 0.08, 0.20, 0.46, 

0.43, 0.66, and 0.60 eV, to form the first transition states 

(TS1dis) for COad + OB  CO2 on M1/FeOx when M was 

Fe, Co, Ru, Rh, Os, and Ir, respectively. Obviously, these 

activation barriers of the first CO oxidation are low 

enough for the reaction to occur at a low temperature. 

When the first CO2 molecules are released from the 

surfaces of these M1/FeOx catalysts, the remaining OC 

atom fills the surface vacancy to generate a stoichio-

metric hematite surface (step iv).  

According to our previous study on the Ir1/FeOx 

SAC, the Eley–Rideal (E–R) mechanism cannot be 

excluded a priori owing to the possible reactivity of 

the vertically adsorbed OB atom towards gaseous CO. 

Therefore, the E–R mechanism for the formation of 

CO2 was also considered on the M1/FeOx (M = Fe, Co; 

Ru, Rh; Os) SACs. The calculated reaction pathway 

and the corresponding schematic structures, including 

the initial reactant (R), transition state (TS), and final 

product (P), are shown in Fig. S1 in the ESM, while 

the selected distances of atoms are displayed in Table S3 
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in the ESM. Figure S1 and Table S3 in the ESM show 

that, for the initial reactants (R), the interactions 

between CO molecules in the gas and the dissociated 

OB atoms on the single Fe, Co, Ru, Rh, and Os atoms 

are rather weak; the optimized distances between 

carbon and the vertically adsorbed OB (C–OB) were 

3.33, 2.96, 3.87, 3.13, and 3.23 Å, respectively. In the 

transition states (TS), the C–OB distances decreased to 

1.83, 1.86, 1.58, 1.72, and 1.47 Å, respectively, and the 

bond lengths between the single M1 atoms and the 

dissociated OB atom (M1–OB) increased from 1.59 to 

1.66 Å (for M = Fe), 1.60 to 1.64 Å (Co), 1.70 to 1.80 Å 

(Ru), 1.60 to 1.64 Å (Rh), and 1.71 to 1.87 Å (Os), 

indicating the formation of CO2 molecules. After the 

reaction passes TS1dis, CO2 molecules are generated 

and easily desorbed from the surfaces of M1/FeOx.  

Compared to the calculated activation energy 

barriers for CO + OB  CO2 through the L–H 

mechanism, the barrier with the E–R mechanism is 

much higher on these SACs. Consequently, the 

formation of the first CO2 most likely occurs through 

the L–H mechanism on these M1/FeOx SACs (M = Fe, 

Co; Ru, Rh; Os, Ir). 

3.1.2 Formation of the first CO2 with activated molecular 

oxygen 

In addition to the aforementioned dissociation 

adsorption pattern on FeOx, gaseous O2 can be well 

activated through the formation of O2
− superoxide 

adsorbate on the surfaces of M1/FeOx (M = Pt, Au, Ni) 

when electron transfer is possible. Such an activation 

pattern of O2 is also found on other M1/FeOx (M = Cu, 

Pd, and Ag) SACs, which is consistent with the results 

of a previous study [61] on Cu1/FeOx and Pd1/FeOx. 

In order to compare the energy profiles over these 

M1/FeOx (M = Ni, Cu; Pd, Ag; Pt, Au) catalysts, we 

collected the data of the proposed reaction pathways 

in Fig. 2 and Table S3 (in the ESM); the general 

schematic drawings of the corresponding optimized 

structures in each step are shown beneath the reaction 

pathways in Fig. 2. The optimized partial bond lengths 

of these SACs are shown in Table S4 (in the ESM).  

Figure 2 and Table S4 (in the ESM) show that the 

Ovac on the O3-terminated Fe2O3 (0001) surface (step i) 

serves as the anchoring site for the molecular adsorption 

of O2 in step iiad. Accordingly, the adsorbed O2 is  

 

Figure 2 Proposed reaction pathway with oxygen absorption 
for the formation of the first CO2 on the M1/FeOx (M = Ni, Cu, 
Pd, Ag, Pt, Au) catalysts, starting from the surface with an Ovac. 
The schematic structures of the supported single metal atoms 
shown at the bottom correspond to the structures at each step. 

activated by the single atoms and the adjacent Ovac to 

form adsorbed O2
− anion, and the OB–OC bond is 

elongated from 1.22 to 1.34 Å for Cu1/FeOx, to 1.39 Å 

for Pd1/FeOx, and to 1.35 Å for Ag1/FeOx; these OB–OC 

bond lengths are similar to those previously reported 

for Au1/FeOx and Ni1/FeOx of 1.37 and 1.35 Å, respec-

tively, but shorter than that for Pt1/FeOx (1.46 Å).  

Next, a CO molecule in the gas phase can be adsorbed 

on single Ni, Cu, Pd, Ag, Pt, and Au atoms (step iiiad), 

and the calculated CO adsorption energies were 0.77, 

0.51, 0.86, 0.72, 1.27, and 1.21 eV, respectively. With 

the adsorbed CO molecule (COad) and OB atom from 

activated O2 close to each other, the first CO2 molecule 

is generated (COad + OB  CO2, TS1ad); the C–OB 

distances are shortened from 2.87 to 2.07 Å (Ni), 2.92 

to 2.25 Å (Cu), 2.80 to 1.92 Å (Pd), 3.36 to 2.44 Å (Ag), 

2.75 to 2.66 Å (Pt), and 3.54 to 2.02 Å (Au), leading  

to activation barriers of 0.75, 1.44, 0.66, 1.57, 0.49, and 

1.34 eV on M1/FeOx when M is Ni, Cu, Pd, Ag, Pt, 

and Au, respectively.  

The activation barriers of 0.49, 0.75, and 0.66 eV 

with Pt1/FeOx, Ni1/FeOx, and Pd1/FeOx, respectively, 

are low enough to allow the reaction to occur at a 

low temperature, while the high barriers of 1.44, 1.57, 

and 1.34 eV with Cu1/FeOx, Ag1/FeOx, and Au1/FeOx, 

respectively, indicate that the reaction is only possible 
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at high temperatures. Once the reaction passes TS1ad, 

the first CO2 is released from the surfaces of M1/FeOx 

(M = Ni, Cu; Pd, Ag; Pt, Au) and the OC atom remains 

to restore the stoichiometric hematite surface (step iv). 

3.1.3 Formation of the second CO2 on M1/FeOx 

The proposed reaction pathways for the formation of 

the second CO2 on the M1/FeOx SACs are shown in 

Figs. 3 and 4, with the optimized partial bond lengths 

shown in Tables S5 and S6 (in the ESM). Figures 3 

and 4 show that, on the single-M1-atom-substituted 

stoichiometric hematite surfaces (step iv), the adsorption 

of a second CO molecule occurs (step v), and this  

CO molecule can approach the nearby lattice oxygen 

atoms on the surface, i.e., OC at Ovac. However, different 

reaction pathways can be involved for different metals 

on FeOx. M1/FeOx SACs containing Fe, Co, Rh, Pd, or 

Au prefer reaction pathway I, those containing Pt or 

Ir prefer pathway II, and those containing Ni, Cu, Ru, 

Ag, or Os prefer pathway III. 

In pathway I, COad + OC  CO2 via the L–H 

mechanism occurs on the surfaces of M1/FeOx SACs 

containing Fe, Co, Rh, Pd, and Au with activation  

 

Figure 3 Proposed reaction pathways I and II for the formation 
of the second CO2 on the M1/FeOx (M = Fe, Co; Rh, Pd; Ir, Au) 
catalysts, starting from a surface Ovac. The schematic structures 
of the supported single metal atoms shown at the bottom 
correspond to the structures at each step.  

 

Figure 4 Proposed reaction pathway III for the formation of the 
second CO2 on the M1/FeOx (M = Ni, Cu; Ru, Ag; Os) catalysts, 
starting from a surface without Ovac. The schematic structures of 
the supported single metal atoms shown at the bottom correspond 
to the structures at each step. See the caption of Fig. 1. 

barriers of 0.66, 0.63, 1.05, 0.52, and 0.84 eV (TS2), 

respectively. As the reaction passes TS2, the as-formed 

CO2 molecules are still adsorbed on the surfaces  

(step vi). Desorption of this CO2 has energy barriers 

of 1.09, 1.16, 0.63, 0.21, and 0.80 eV (TS3) with Fe,  

Co, Rh, Pd, and Au SACs, respectively. In pathway II, 

the adsorbed CO gradually approaches the OC atom 

of the SACs through transition states with a small 

imaginary vibration frequency (TS2). Afterwards, the 

adsorbed CO molecule can react with the OC atom 

(step vi), leading to the production of CO2 with energy 

barriers of 1.40 and 0.79 eV (TS3) for Ir1/FeOx and 

Pt1/FeOx, respectively. We repeated our previous 

calculations [1] and found that there exists one 

transition state (TS2) between steps v and vi, where 

the adsorbed CO gradually approaches the OC atom 

on the surface of Pt1/FeOx through TS2 with a small 

imaginary vibration frequency (112 cm−1) over a low 

barrier (0.23 eV). For pathway III, as shown in Fig. 4, 

the adsorbed CO (step v) gradually approaches OC at 

the Ovac and forms the second CO2 (TS2) directly on 

M1/FeOx catalysts containing Ni, Cu, Ru, Ag, and Os, 

and COad + OC  CO2 occurs via the L–H mechanism 

with energy barriers of 0.64, 0.56, 1.40, 0.72, and 1.85 eV, 

respectively. Finally, after the second CO2 is released, 
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the stoichiometric hematite surface (step vii) of M1/FeOx 

is restored to that of the original catalyst with Ovac 

(step i). These steps thus complete the catalytic cycles. 

It is clear that the catalytic cycle can similarly start 

with the stoichiometric hematite surfaces (step vii) of 

M1/FeOx catalysts, leading to the generation of Ovac 

(step i) via the Mars–van Krevelen (MvK) mechanism.   

3.2 Evaluation of CO oxidation activities of M1/FeOx 

catalysts  

To systematically compare the catalytic activities of 

these SACs for CO oxidation, the activation barriers 

of the rate-determining step (RDS) were calculated, 

and they are shown in Fig. 5. As can be seen, the 

tendencies of the highest activation barriers for CO 

oxidation for each of these catalysts are similar across 

the periodic table for 3d, 4d, and 5d metals. The RDS 

activation barriers for M1/FeOx when M is Ni, Pd, and 

Pt in the catalytic cycles are less than 0.80 eV, indicating 

that CO2 formation is fairly easy at room temperature 

when taking into account the contributions of enthalpy 

and entropy effects. In contrast, CO oxidation with 

the other FeOx-based SACs have RDS energy barriers 

greater than 1.0 eV, suggesting that it only occurs at  

a relatively high temperature with these catalysts.  

In addition, the RDS is the formation of the first CO2 

when M is Cu, Ag, and Au and the formation of   

the second CO2 when M is Fe, Ru, Rh, Os, and Ir, 

indicating that it is in fact metal-dependent even if 

similar reaction mechanisms are involved.  

 

Figure 5 Calculated RDS activation energies for CO oxidation 
on the M1/FeOx (M = Fe, Co, Ni, Cu; Ru, Rh, Pd, Ag; Os, Ir, Pt, 
Au) SACs. 

In general, the adsorption strength of CO on single 

atoms is an important factor in the catalytic activation 

by an SAC for CO oxidation, especially for the 

activation barrier of the formation of the second CO2. 

For example, the calculated CO adsorption energies 

on a perfect surface of M1/FeOx SACs containing Ru, 

Rh, Os, and Ir are comparatively high, reaching up to 

1.57, 1.36, 1.72, and 1.79 eV, respectively. 

The higher adsorption energies lead to higher 

activation barriers (1.40, 1.05, 1.85, and 1.40 eV, res-

pectively) for COad + Olattice  CO2. In contrast, M1/FeOx 

SACs containing Ni, Pd, and Pt lead to low activation 

barriers (0.64, 0.52, and 0.79 eV), corresponding to 

their lower CO adsorption energies (0.73, 1.05, and 

1.08 eV). Here, it is interesting to note that the SACs 

with Ni, Pd, and Pt, which have ten valence electrons, 

exhibited the best catalytic performances in CO 

oxidation. To investigate further the interaction between 

single Ni, Pd, and Pt atoms and the adsorbed CO, the 

local density-of-states (LDOS) of Ni-3d (Pd-4d, Pt-5d) 

and C-2p (of adsorbed CO) orbitals were examined 

and are shown in Fig. 6. Clearly, the 3d (Ni) states are 

energetically close to the 2p (C) states of the adsorbed 

CO on the single Ni1 atom near the Fermi level (EF), 

suggesting that there is a relatively strong interaction 

between the single Ni1 atom and the C atom of the 

adsorbed CO molecule. This mixture of the d states 

of the single metal atoms with the 2p (C) states was 

also observed on the single Pd1 and Pt1 atoms on FeOx, 

indicative of strong CMSIs [57].  

Our previous theoretical model successfully pre-

dicted the reactivity of Ir1/FeOx in CO oxidation. The 

activation barrier and CO adsorption energy were 

higher by 0.62 and 0.69 eV, respectively, than those 

with the Pt1/FeOx catalyst [1], indicating that Ir1/FeOx 

should be less active. Indeed, our experiment revealed 

that the Ir1/FeOx catalyst was less active for CO 

oxidation than Pt1/FeOx was, consistent with the 

theoretical prediction. Based on the current results,   

a new promising FeOx-based catalyst, Pd1/FeOx, is 

predicted to show excellent activity in CO oxidation, 

even better than those of the previously reported 

Pt1/FeOx and Ni1/FeOx SACs [1, 59]. 

Interestingly, the RDS with Co1/FeOx and Fe1/FeOx 

is the TS3 step for the desorption of the second CO2 

through the bent CO2 molecules (vi) on the surface.  



 

 | www.editorialmanager.com/nare/default.asp 

1606 Nano Res. 2018, 11(3): 1599–1611

 

Figure 6 Spin-polarized LDOS projected on (a) Ni-3d, (b) Pd-4d, 
(c) Pt-5d, and C-2p (of adsorbed CO) orbitals. The Fermi level 
was set at zero. 

The angles of these bent CO2 molecules were 138.7° 

and 145.1°, which are similar to that of the CO2
− 

anion in a previous study [85]. Presumably, the bent 

CO2
− can lose one electron, leading to the formation 

of a linear CO2 molecule [86], which desorbs from  

the surfaces of Co1/FeOx and Fe1/FeOx. The calculated 

adsorption energies of bent CO2
− on the surface of 

Co1/FeOx and Fe1/FeOx were –0.89 and –0.44 eV. Thus, 

the activation energies of 1.16 and 1.09 eV are slightly 

high for the formation of the second CO2.  

The d-band centers of single M1 atoms in M1/FeOx 

can also be used as overall evaluation parameters for 

the activities of these catalysts for CO oxidation because 

CO adsorption on M1 depends on the metal-adsorbate 

binding strength, which is related to the 5σ  d 

donation interaction and d  2π back-donation 

interaction between the d-band and the adsorbate. 

When the d-band is too high or too low, it cannot 

match the energy levels of CO. The calculated d-band 

centers are shown in Fig. 7 for single metal atoms in 

M1/FeOx SACs with (i) and without an oxygen vacancy 

(iv). It is interesting to note that the energy curves 

cross in an area of the d-band centers of Ni, Pd, and 

Pt in M1/FeOx SACs. Overall, with (i) and without an 

oxygen vacancy (iv), the d-band centers of the M1/FeOx 

catalysts with Ni, Pd, and Pt lie in the middle, while 

those of the SACs with other metals are either too 

high or too low. Thus, it is not surprising that the  

Ni, Pd, and Pt SACs show the best overall catalytic 

performances for CO oxidation among SACs with 

group VIII to group IB elements (Fig. 5). This result 

indicates that the d-band centers of the single M1 

atoms (M = Fe, Co, Ni, Cu; Ru, Rh, Pd, Ag; Os, Ir, Pt, 

Au) in M1/FeOx SACs could be used to determine 

whether the energy match between SACs and adsorbed 

small molecules is appropriate, even though they 

depend on diverse chemical interactions between the 

different single metal atoms and the FeOx support 

and adsorbates. 

 

Figure 7 d-Band centers of M1 (M = Fe, Co, Ni, Cu; Ru, Rh, 
Pd, Ag; Os, Ir, Pt, Au) in M1/FeOx SACs with (i) and without an 
oxygen vacancy (iv). 
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3.3 Oxidation states of single M1 atoms in M1/FeOx 

The oxidation state (OS) of an element in an active 

center and support is central to metal-based catalysis, 

especially when redox processes are involved [29]. To 

determine the possible oxidation states of single metal 

atoms in M1/FeOx with (i) and without an oxygen 

vacancy (iv) during the catalytic cycles, we proposed 

a scheme to estimate the OS of the single metal atoms 

supported on or embedded in the surface [1]. By 

calculating the charges of the surface-supported single 

atoms with selected model clusters, one can estimate 

the OS. Bader charges [87] of these single M1 atoms 

were calculated and analyzed. For comparison [57], 

we also calculated the Bader charges of Co, Cu, Ru, 

Rh, Pd, Ag, and Os in M(OH)x (x = 1–4) models with 

oxidation states of I to IV in a 20 Å × 20 Å × 20 Å cubic 

box as rough criteria. The calculated Bader charges of 

these species are listed in Tables S7–S9 in the ESM. 

The results show that the single Fe, Ni, Cu, Rh, Ag, 

Os, and Ir atoms in M1/FeOx with an O vacancy have 

oxidation states close to II, while Fe, Co, Cu, Ru, Rh, 

Pd, and Os in M1/FeOx without an O vacancy have 

oxidation states of approximately III. The single Co1 

atom in Co1/FeOx is very similar to Co(I), and Ru1 

and Pd1 in Ru1/FeOx and Pd1/FeOx with an O vacancy 

have oxidation states between I and II. Without an O 

vacancy, the single Ni1 and Ir1 atoms in Ni1/FeOx and 

Ir1/FeOx have oxidation states between III and IV, 

while the oxidation state of the single Ag1 atom in 

Ag1/FeOx seems to lie between II and III. The actual 

OSs of these single atoms are hard to determine 

experimentally because of the low percentage of these 

sites on the surfaces. As indicated by our previous 

calculations for Pt1 and Au1 on FeOx [86], there is 

strong covalent M–O chemical bonding between these 

nonzero-valent single M1 atoms and the O atoms on 

the supports owing to the electron transfer from   

M1 to the surrounding O atoms on the support. This 

strong covalent and ionic interaction and the high- 

valent natures make the aggregation of these single 

metal atoms into nanoclusters on the surface of FeOx 

difficult, which can explain the extremely high stability 

of M1/FeOx in CO oxidation. 

4 Conclusions 

In this study, extensive DFT calculations were used  

to examine the activities and catalytic mechanism of 

M1/FeOx SACs (M = Co, Cu; Ru, Rh, Pd, Ag; Os) in 

CO oxidation. By combining our present results with 

those of our previous investigations on M1/FeOx (M = 

Fe, Ni; Ir, Pt, Au), we were able to systematically 

compare the catalytic activities and mechanisms of 

FeOx-supported 3d, 4d, and 5d metals from groups 

VIII to IB (Fe, Co, Ni, Cu; Ru, Rh, Pd, Ag; Os, Ir, Pt, 

Au). We found different catalytic mechanisms for  

the formation of the first CO2 that were related to 

different adsorption states of O2 on these SACs: the 

dissociation of oxygen on M1/FeOx when M is Fe, Co, 

Ru, Rh, Os, or Ir and the adsorption of O2 on M1/FeOx 

when M is Ni, Cu, Pd, Ag, Pt, or Au. Moreover, we 

predicted three different catalytic pathways, I, II, and 

III, for the formation of the second CO2 on these SACs.  

Our calculated results indicated that the M1/FeOx 

SACs containing Fe, Co, Ru, Rh, Os, and Ir with the 

oxygen dissociation mechanism and those containing 

Ni, Pd, and Pt with the oxygen adsorption mechanism 

show high catalytic activity for the formation of the first 

CO2 through the Langmuir–Hinshelwood mechanism. 

In contrast, the M1/FeOx SACs with Cu, Ag, and Au 

with the oxygen adsorption mechanism show relatively 

low catalytic activity for the formation of the first CO2. 

In addition, the second CO2 forms via the Langmuir– 

Hinshelwood mechanism on the surfaces of M1/FeOx 

containing Fe, Co, Rh, Pd, and Au through pathway  

I; M1/FeOx containing Pt and Ir through pathway II; 

and M1/FeOx containing Ni, Cu, Ru, Ag, and Os through 

pathway III.  

Finally, we predicted that a new noble-metal SAC, 

Pd1/FeOx, will show high activity in CO oxidation  

at low temperatures and be even better than the 

previously reported Pt1/FeOx and Ni1/FeOx SACs. 

The systematic investigations revealed trends in the 

activities and stabilities of FeOx-supported single 

atoms of 3d, 4d, and 5d metals from groups VIII to IB. 

These results will help in better understanding the 

fundamental mechanisms of interactions between an 

FeOx substrate and atomically dispersed single metal 
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atoms and designing highly active FeOx-supported 

SACs. For a given catalytic reaction, the general trends 

of SACs with different oxide supports can be evaluated 

in the same way. This approach can be used to screen 

various SACs and evaluate and optimize their catalytic 

performances. 
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