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shape-dependent;[5–7] moreover, the large-
scale applications are restrained by the 
high costs and the limited storage of these 
metals on earth.

The recently developed single-atom cat-
alysts (SACs)[8–18] are promising to reduce 
the metal usage in catalysis and enhance 
the catalytic efficiency. In SACs, isolated 
individual atoms are dispersed on, and/or 
coordinated with, the surface atoms of an 
appropriate support, which maximizes the 
metal atom efficiency. Since the first SAC, 
single Pt atoms on FeOx,[8] was reported in 
2011, various SACs with metal oxide sup-
ports have been successfully fabricated, 
such as single Au/Pt/Ir/Ni/Os atoms on 
FeOx,[19–25] Co3O4,[26] CeO2,[27] Al2O3,[28] 
and MgO[29] surfaces. At the same time, 
the SACs could be accessed by thermal 
atomization of supported metal nanopar-

ticles[30] and direct atoms emitting from bulk metals.[31] These 
experimental explorations also inspired many theoretical 
efforts. For example, various FeOx-supported single metal atom 
catalysts for CO oxidation were systemically investigated by 
means of density functional theory (DFT) computations.[32,33]

Besides metal-oxides, a variety of porous graphene-like 
materials have been used as the substrates to anchor metal 
atoms/clusters for catalysis. For example, it has been experi-
mentally demonstrated that single metal atoms (Pt, Pd, Ag, 
Ir, Au) embedded in g-C3N4 are highly active for the semihy-
drogenation of 1-hexyne[34] and electrochemical synthesis of 
ammonia,[35] theoretical studies suggested that single transi-
tion metal atoms anchored on C2N could serve as low-cost but 
highly efficient catalysts for oxygen evolution reaction,[36] CO 
oxidation,[37] nitrogen reduction reaction,[38] HCOOH dehy-
drogenation,[39] and CO2 electrochemical reduction,[40] and the 
noble metal atoms anchored on graphyne are very promising 
for low-temperature CO oxidation.[41]

Beyond SACs, biatom catalysts, in which metal dimers are 
anchored on an appropriate substrate, have recently emerged 
as extended family members. Experimentally Yan et al. synthe-
sized the stable platinum dimers (but dominantly in the oxi-
dized form of Pt2Ox without PtPt bond) on graphene using 
atomic layer deposition, and demonstrated that Pt2 dimers 
exhibit higher activity toward hydrolytic dehydrogenation of 
ammonia borane than that of graphene supported Pt1 single 
atoms and nanoparticles.[42] Theoretically, Luo et  al. predicted 
that the Pd dimer embedded in graphene can effectively and 
selectively catalyze formic acid dehydrogenation;[43] Sun and 
co-workers proposed that Cu dimer on graphene or Mn dimer  

By means of density functional theory (DFT) computations, the CO/O2 
adsorption and CO oxidation pathways on the biatom catalyst, namely the 
heteronuclear Fe1Cu1@C2N, in comparison with its homonuclear coun-
terparts Fe2@C2N and Cu2@C2N are systemically investigated. The reac-
tions of O2 dissociation and CO oxidization with preadsorbed CO or O2 are 
comparably studied. The computations find that the heteronuclear species 
Fe1Cu1@C2N possesses high stabilities and is feasible to be synthesized 
experimentally. More importantly, the heteronuclear Fe1Cu1@C2N catalyst 
has even better catalytic activity toward CO oxidation than its homonu-
clear counterparts, especially, without suffering the CO-poisoning problem.  
Considering the myriad of unexplored heteronuclear dimers that can 
be potentially anchored at appropriate supports, this work opens a new 
avenue and provides a useful guideline for further developing bimetal-based 
nanocatalysts.

Biatom Catalysts

1. Introduction

The oxidation of CO plays a very important role in reducing 
the environmental CO emission and removing CO contamina-
tions from H2-rich fuel gases for polymer electrolyte fuel cells 
(PEFC).[1] Typically supported metal clusters, especially those 
made of noble metals, e.g., Pt, Pd, Au, Rh, and Ru, exhibit high 
activity for CO oxidation. The cooperation between the support 
and the metal clusters can promote the O2 activation and CO 
oxidation, for example, the activation barriers for O2 dissocia-
tion and CO oxidation on the TiO2 supported Au and Pd clus-
ters are very low (nearly barrierless).[2–4] However, the catalytic 
activities of the supported metal nanoparticles are size- and 
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on a phthalocyanine sheet exhibit higher catalytic activity for CO2 
reduction;[44–46] Compared with their single-atom counterparts, 
several double transition metal (TM) atoms supported by 2D 
crystal C2N were predicted to have better catalytic performance 
for oxygen reduction reaction[47] and CO oxidation than their 
single-atom counterparts;[48] Several other transition metal 
dimers anchored on C2N monolayers were also expected to 
exhibit high activity for some important chemical reactions, 
e.g., carbon dioxide electrochemical reduction (Cu2@C2N),[49] 
hydrogen evolution reaction (Co2@C2N, Ni2@C2N, Cu2@
C2N, Ru2@C2N),[50] and nitrogen fixation (Mo2@C2N,[51]  
Mn2@C2N).[52]

Note that the metal dimers in the above mentioned biatom 
catalysts are all homonuclear. In principle, there are even more 
possibilities for heteronuclear dimers awaiting our explora-
tions. In this work, by means of systematic DFT computations, 
we explored the potential of heteronuclear metal dimer Fe1Cu1 
anchored on the porous C2N monolayer[53] as biatom catalyst 
for CO oxidation, in comparison with its homonuclear counter-
parts Fe2@C2N and Cu2@C2N. Our computational results dem-
onstrated that the heteronuclear metal-dimer system Fe1Cu1@
C2N has high stabilities and superior performance toward CO 
oxidation compared to the homonuclear counterparts, espe-
cially Fe1Cu1@C2N does not suffer the CO-poisoning issue. 
This work not only further spans the homonuclear biatom 
catalysts to heteronuclear biatom catalysts, but also provides 
insights and guidelines to future experimental and computa-
tional studies, and help promote the design and production of 
novel low-cost and efficient nanocatalysts.

2. Results and Discussion

2.1. Geometries and Thermodynamic Stabilities of the  
M1M2@C2N Monolayers (M1/M2 = Cu or Fe)

Previous theoretical studies showed that the single-atom cata-
lyst Fe1@C2N[54] and biatom catalyst Cu2@C2N possess good 
performance for CO oxidation.[48] Thus, we constructed the 
homonuclear biatom species Fe2@C2N and the heteronuclear 
analogue Fe1Cu1@C2N in this study.

We first examined the energetically most favorable anchoring 
site of Fe on the C2N monolayer, for which three possible 
anchoring sites[48] were considered. In the lowest energy con-
figuration of Fe1@C2N, the Fe atom forms three bonds with 

N atoms, while for the case of Cu1@C2N, the Cu atom pre-
fers coordinating with two N atoms[48] (Figure S1, Supporting 
Information). These results are in line with previous theoretical 
findings.[50,54] For these two single metal atom complexes, Fe 
has the larger binding energy (Eb

1) of 4.56 eV, Cu has the much 
smaller Eb

1 value of 3.25 eV.
For the biatom catalysts examined in this study (homonu-

clear: Fe2@C2N and Cu2@C2N; heteronuclear: Fe1Cu1@C2N), 
we only considered two configurations (I and II in Figure  1), 
in which two metal atoms are located in the porous region 
of C2N, since the binding energies at other sites are less 
favorable.[37,48,50] Both homo- and heteronuclear metal dimers 
prefer adopting Configuration II, in which two metal atoms 
coordinate with three N atoms of the C2N substrate (Figure 1; 
Table S1, Supporting Information). The distance between the 
two metal atoms in II is slightly longer than that in Configura-
tion I (Table S1) for the three examined biatom catalysts. The 
binding energies of the second metal atoms (Eb

2) in biatom cat-
alysts, 2.69, 4.31, and 2.48/3.79 eV for Cu2, Fe2, and Cu1Fe1@
C2N monolayers, are slightly lower than the binding energies in 
the corresponding single-atom catalysts (Eb

1) (3.25 and 4.56 eV 
for Cu1@C2N and Fe1@C2N, respectively). The preference of 
configuration II is accompanied by the more charge transfer 
between the metal atoms and the C2N substrate (Table S1, Sup-
porting Information). These highly favorable binding energies 
indicate the good thermodynamic stabilities of these biatom 
catalysts under investigation. Note that the Bader charge of 
Cu/Fe in the dimer M1M2@C2N of II configuration is smaller 
than monomer Cu1@C2N or Fe1@C2N, except that the value of 
Fe in Fe1Cu1@C2N (+1.10 |e|) is larger than that of Fe1@C2N  
(+1.02 |e|), which could be assigned to electron transfer from 
Fe to Cu in the Fe1Cu1@C2N, since 0.18 |e| charge transfer was 
found in the isolated Fe1Cu1 dimer from our calculations.

Note that the aggregation to metal atoms to larger clusters is 
a big concern.[40] To examine the resistance of the biatom spe-
cies M1M2@C2N against aggregation into trimer or larger metal 
clusters, we compared the relative stability of the biatom species 
and the single-triatom systems using a 2 × 1 × 1 supercell. For 
the homonuclear case, biatom species Cu2–Cu2 and Fe2–Fe2 are 
lower in energy than their single-triatom counterparts (Cu1–Cu3  
and Fe1–Fe3) by 2.46 and 3.18 eV, respectively (Figure S2, Sup-
porting Information). For the heteronuclear Fe1Cu1@C2N (in 
the form of Fe1Cu1–Fe1Cu1 in 2 × 1 × 1 supercell), its single-
triatom counterparts could be the combination of Cu1 and 
Cu1Fe2 (Cu1–Cu1Fe2) or Fe1 and Fe1Cu2 (Fe1–Fe1Cu2); these 
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Figure 1.  The two possible configurations of two metal atoms anchored C2N (I and II). Color scheme: C, gray; N, blue; gold, M1; pink, M2.
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two configurations are not only higher in energy than their 
corresponding biatom structures (by 0.51 and 0.95 eV, respec-
tively), but also have rather high transition barriers (4.44 and 
3.98 eV, respectively) for their transition to biatom counterparts  
(Figure S2, Supporting Information). Thus, the Cu/Fe dimers 
anchored on C2N are expected to be stable without aggregation 
to larger clusters.

2.2. Adsorption of CO and O2 on the M1M2@C2N Monolayers

Before investigating the detailed reaction pathways of CO oxi-
dation, we examined the adsorption of CO and O2 molecules 
on the energetically most favorable configurations of the three 
M1M2@C2N monolayers.

Many adsorption sites and configurations were considered, 
for example, four adsorption sites of O2 with side-on configu-
ration were explored (Figure S3, Supporting Information): the 
OO bond perpendicular to the metal bond (A), crossing to 
the metal bond (B), unilateral to the metal bond (C), and over the 
metal bond (C′). For the homonuclear Fe2@C2N and Cu2@C2N 
monolayers, O2 adsorption with Configuration A is energetically  

most favored, and the structure of substrate will change from II 
to I upon O2 adsorption for both cases (Figure 2); in contrast, 
for the heteronuclear Fe1Cu1@C2N, the adsorbed O2 is close 
to the Fe atom instead of over the metal bond center due to 
the much stronger interaction between Fe and O2, which can 
be reflected by the more enhanced O2 adsorption energy on 
Fe1@C2N (Ead = 2.41 eV) than that on Cu1@C2N (Ead = 0.59 eV)  
(Table S3, Supporting Information). Compared to the single-
metal-atom counterparts Fe1@C2N and Cu1@C2N, the O2 
adsorption strengths on homonulcear Fe2@C2N and Cu2@
C2N (2.62 and 1.33 eV, respectively) are enhanced (by 0.21 and 
0.74 eV), and the OO bond lengths are further elongated (by 
0.05 and 0.17 Å, see Table  1 and Table S3, Supporting Infor-
mation). When compared to the homonuclear counterparts 
(Table 1), the O2 adsorption strength on heteronuclear Fe1Cu1@
C2N (Ead = 2.45 eV) in between Fe2@C2N (Ead = 2.62 eV) and 
Cu2@C2N (Ead = 1.33 eV).

For CO adsorption, in the lowest energy structure, CO adopts 
an end-on configuration for all these three metal dimer systems, 
and only Cu2@C2N will transform from configuration II to I 
upon CO adsorption (Figure 1). The CO adsorption strengths on 
the three biatom species are very comparable: the CO adsorption 
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Figure 2.  Top views of O2 (top panel), CO (middle panel) and O (bottom panel) adsorption on the three M1M2@C2N monolayers. Color scheme: C, 
gray; N, blue; purple, Fe; orange, Cu; red, O. Soli
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energy on Fe1Cu1@C2N (Ead = 2.20 eV) is between the values on 
Fe2@C2N (Ead = 2.24 eV) and Cu2@C2N (Ead = 2.14 eV).

Interestingly, the O2/CO adsorption strength well correlates 
with the amount of charge transfer from the metal dimers to 
the adsorbate (Table 1; Table S3, Supporting Information): the 
more charge transfer from the metal dimers to the O2/CO, 
the stronger adsorption strength of O2/CO. Notably, except  
Cu2@C2N, both Fe2@C2N and Fe1Cu1@C2N have larger 
adsorption energies of O2 than those of CO. The preferable 
O2 adsorption over CO is beneficial to these two catalysts for 
excluding the CO poisoning issue.

Jiang and co-workers’ very recent theoretical studies 
revealed that spin transition of single Fe atom could be 
induced by CO adsorption.[55] Thus, we examined the mag-
netic configurations of the bare Fe1Cu1@C2N and with  
1–4 CO adsorption in a 2 × 1 × 1 supercell using the  
DFT + U method (U = 4 eV for the d electrons of Fe and Cu 
atoms). The bare Fe1Cu1@C2N is ferromagnetic with the 
magnetic moment of 7.36 μB, of which Fe atoms contribute 
dominantly (Figure S4a, Supporting Information). With One 
CO adsorption, the ferromagnetism of the Fe1Cu1@C2N will 
not change (Figure S4b, Supporting Information), but the 
magnetic moment is reduced to be 4.74 μB. However, two 
CO adsorption on the Fe1Cu1@C2N in either the symmetric 
(Figure S4c, Supporting Information, the magnetic moment: 
0.00 μB) or the asymmetric configuration (Figure S4d, Sup-
porting Information, the magnetic moment: 2.91 μB) induces 
the spin transition from ferromagnetism to antiferromag-
netism. The antiferromagnetism remains with more (three 
and four) CO adsorption, and the magnetic moments are  
0.85 and 0.00 μB, respectively (Figure S4e,f, Supporting Infor-
mation). Note that the energy differences between the spin 
configuration of antiferromagnetism and ferromagnetism 
are all less than 0.01  eV for the considered systems of the 
Fe1Cu1@C2N with 0–4 CO molecules. The magnetic moment 
of each metal atom with 0–4 CO adsorption was listed in  
Table S4 (Supporting Information).

2.3. Mechanisms of CO Oxidation on the M1M2@C2N 
Monolayers

Since both O2 and CO can be adsorbed on the M1M2@C2N 
monolayers with reasonable strength, we considered two pos-
sible conditions, the catalyst is preadsorbed by either O2 or CO, 
when investigating CO oxidation on these biatom catalysts.

2.3.1. CO Oxidation on the O2-Preadsorbed Catalyst Surface

We first examined the O2 dissociation reactions on the three 
M1M2@C2N monolayers by taking the lowest-energy configu-
rations of O2 adsorbed M1M2@C2N monolayers as the initial 
structures. Our previous study revealed that the O2 dissociation 
on the Cu2@C2N is endothermic by 0.27  eV, and the cor-
responding reaction barrier is 0.50  eV.[48] However, the O2  
dissociations on Fe2@C2N and Fe1Cu1@C2N monolayers 
are both barrierlessly, and exothermic by 1.48 and 1.56  eV, 
respectively (Figure S5, Supporting Information). These find-
ings are reminiscent of the extremely low O2 dissociation bar-
riers on the C2N monolayer supported transition metal dimers  
(Co2, Ni2, and Cu2).[47]

Considering preferable adsorption of O2 over CO (except 
Cu2@C2N) and the low barriers of O2 dissociation on these 
bimetal systems, we started the CO oxidation over Fe2@C2N, 
and Fe1Cu1@C2N monolayers with preadsorbed and dissoci-
ated O2. In this process, CO will react with the dissociated O 
atoms on the catalyst surface, followed by the regeneration 
of the original catalyst surface. Providing that the first chem-
isorbed O could be removed by the first CO easily, the removal 
of the second chemisorbed O will be crucial for the recovery 
of the pristine biatom catalysts. Therefore, we first evaluated 
the feasibility of removing the second atomic O on the metal 
dimers.

According to the Sabatier principle,[56] a moderate adsorp-
tion strength between the reactants and the catalyst is a key 
factor for the catalytic performance. As shown in Table  1, 
the homonuclear Fe2@C2N (Ead  = 3.32  eV) and Cu2@C2N  
(Ead  = 1.82  eV) monolayers have the largest and smallest 
adsorption energy of the atomic O species, respectively; com-
pared with their homonuclear analogs, the O adsorption energy 
on the heteronuclear Fe1Cu1@C2N catalyst (Ead  = 2.72  eV) is 
between Fe2@C2N (3.32  eV) and Cu2@C2N (1.82  eV). These 
data suggest that the heteronuclear complex Fe1Cu1@C2N 
might outperform the homonuclear counterparts for the 
removal of the second atomic O.

We then computed the reaction energies and activation bar-
riers of the CO oxidation by the second atomic O on these 
metal dimers. This process is expected to proceed via the  
Eley–Rideal (E–R) mechanism, in which the reactant CO 
directly reacts with the O atom from the gas phase passing 
a transition state, and the CO2 product is released. On 
Fe1Cu1@C2N, the reaction energy is −0.16  eV and the barrier 
of removing the second atomic O to form the second CO2 is 
0.69  eV (Figure  3). As we reported before, on Cu2@C2N, the 
removal of O by CO via E–R mechanism to form the second 
CO2 is kinetically more favorable (with an activation barrier of 
0.29 eV) and this E–R reaction step is exothermic (1.28 eV).[48] 
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Table 1.  The CO, O2, and O adsorption energies (Ead, in eV) on M1M2@
C2N, their corresponding bond lengths (dC–O/dO–O, in Å), as well as the 
Bader charge (q, in |e|) of CO/O2/O and M1/M2.

Fe2@C2N Cu2@C2N Fe1Cu1@C2N

Ead(O2) 2.62 1.33 2.45

dO‒O 1.46 1.45 1.44

q (O2) ‒1.08 ‒0.90 ‒0.92

q (M) +1.22

+1.30

+0.99

+0.99

+1.23

+0.77

Ead(CO) 2.24 2.14 2.20

dC‒O 1.19 1.18 1.18

q (CO) −0.66 ‒0.34 ‒0.50

q (M) +1.18

+1.18

+0.78

+0.75

+1.13

+0.70

Ead(O) 3.32 1.82 2.72

q (O) −1.10 −0.85 −0.97

q (M) +1.28

+1.35

+0.86

+0.87

+1.36

+0.85
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However, the E–R process is slightly endothermic on  
Fe2@C2N (0.05  eV), and the reaction barrier is as high as 
1.53 eV. As expected by the Sabatier principle, the reaction bar-
rier of removing O from the catalyst surface and the atomic O 
adsorption energy have a quasilinear relationship (Figure S6,  
Supporting Information). The overwhelming strong O adsorp-
tion and the difficulty in removing the atomic O on the 
Fe2@C2N surface rule out its capacity to catalyze CO oxidation 
since the strongly bound atomic O will block the catalytically 
active sites. Previous studies already confirmed the activity of 
Cu2@C2N toward CO oxidation,[48] thus we will not further dis-
cuss it in the following sections.

The above analyses showed that heteronuclear Fe1Cu1@C2N 
can well catalyze the CO oxidation by the second atomic O, as 
indicated by the small reaction barrier and the exothermic pro-
cess of removing the atomic O from the catalyst surface. Then, 
we checked if the CO oxidation with the first atomic O is also 
facile on Fe1Cu1@C2N. Excitingly, our computations revealed 
that this reaction is exothermic by 2.09  eV via overcoming a 
barrier of 0.45 eV.

Figure 3 (Figure S7, Supporting Information) illustrates the 
reaction profile of O2 adsorption, dissociation, and CO oxida-
tion on the Fe1Cu1@C2N. Starting from the clean Fe1Cu1@C2N 

(S0) with the most stable configuration II, the O2 molecule is 
adsorbed (S1) on the Fe atom, and then dissociates spontane-
ously (S2) to form an atomic O only attached to Fe and another 
O atom bridging Fe and Cu atoms. Subsequently, the singly 
bonded O atom will be approached by the first CO (S3), by 
passing over the transition state (S4) with the activation energy 
(Ea) of 0.45  eV, the first CO2 molecule is produced compa-
nying with the reaction energy of 2.09  eV released. With the 
first CO2 released, only the second atomic O is bridge-bonded 
with Fe and Cu atoms (S5). When the second CO approaches 
to the bridged O (S6), by passing over the transition state (S7) 
with the activation energy of 0.69 eV, the second CO2 is formed 
(S8) with the exothermicity of 0.16 eV. Thus, the heteronuclear 
Fe1Cu1@C2N exhibits good performance for CO oxidation on 
the O2-preadsorbed catalyst surface among the examined dimer 
systems.

2.3.2. CO Oxidation on the CO-Preadsorbed Catalyst Surface

We then examined the CO oxidation over the CO pread-
sorbed Fe1Cu1@C2N following the bimolecular Langmuir–
Hinshelwood (BLH) mechanism. As mentioned before, the 
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Figure 3.  The reaction pathways (E–R) and energy profile for CO oxidation on the heteronuclear Fe1Cu1@C2N monolayer. The corresponding side views 
were given in Figure S7 (Supporting Information). Color scheme: N, blue; Fe, purple; Cu, orange; C in C2N, gray; C in CO, brown; O in CO, green; O 
in O2, pink (first removed by CO) and red (second removed by CO).Soli
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adsorption energy of CO on the Fe1Cu1@C2N is 2.20 eV. Our 
computations showed that the O2-coadsorption is energetically 
favored by 0.81 eV. The coadsorbed O2 (O–O*) and CO (OC*) 
adopt side-on and end-on configurations (S2 in Figure  4), 
respectively. The ability for the coadsorption of CO and O2 
indicates the feasibility of the bimolecular L–H mechanism. 
Figure  4 presents the reaction pathway and energy profile for 
CO oxidation following L–H mechanism, and Figure S8 (Sup-
porting Information) gives the side views and key geometric 
parameters of intermediates. Following this mechanism, first 
OC* approaches to O–O*, passing over the transition state  
(S3 in Figure 4, the intermolecular C⋅⋅⋅O distance of 2.33 Å in 
S2 becomes to 1.50 Å in S3) with a barrier of 0.73 eV to form 
the intermediate OOCO* (S4 in Figure 4). For the intermediate 
S4, the OO and CO bonds are elongated to be 1.46 and  
1.22 Å, respectively, and the newly formed intermolecular CO 
bond is 1.37 Å. Then, a CO2 molecule is produced barrierlessly 
(S5 in Figure 4, the OO distance is 3.00 Å) accompanied by a 
release of 3.10  eV of energy (Figure  4; Figure S8, Supporting 
Information).

Furthermore, we studied the situation with two CO mole-
cules preadsorbed on the Fe1Cu1@C2N, which can occur under 
high concentration of CO. To well simulate such a condition, 
we explored the trimolecular ER (TER) mechanism proposed 
by Li and co-workers when investigating the CO oxidation over 
the single Au atom supported by B and N doped single-walled 
carbon nanotube,[57] where O2 reacts with two adsorbed CO. 
On Fe1Cu1@C2N, the adsorption energy of the second CO 
(1.00  eV) is lower than the individual CO adsorption energy 
(i.e., 2.20 eV for the first CO), thus the CO coadsorption will 
be in competition with the adsorption of two individual CO 
molecules. Both adsorbed CO (OC*) adopt the end-on configu-
ration with the intermolecular C⋅⋅⋅C distance of 2.30 Å, and 
the coadsorption energy is 3.20 eV (S1 in Figure 5). Following 
TER mechanism, the reaction starts with the two adsorbed 

CO (OC*) and an O2 approaching to the two adsorbed CO 
(S2 in Figure 5), and the O2 is activated by the two adsorbed 
CO instead of the Fe1Cu1 dimer. In the transition state S3  
(Figure S9, Supporting Information), the OO bond is elon-
gated to 1.34 Å, and the distances between the two O atoms 
and the two C atoms of OC* are 1.78 and 1.97 Å, respectively. 
The activation barrier (0.42 eV) is significantly lower than that 
of the BLH mechanism (0.73  eV). Surpassing the transition 
state S3, a pentagonal ring intermediate OCOOCO (S4 in 
Figure 5), 0.11 eV lower in energy than S2, is formed, in which 
the OO bond is further stretched to 1.46 Å, and the two 
newly formed CO bonds are 1.36 and 1.38 Å, respectively. 
Then, the intermediate S4 dissociates into two CO2 molecules 
(S5 in Figure 5) spontaneously, and at the same time, 3.25 eV 
of heat is released.

To sum up, we examined the CO oxidation on Fe1Cu1@
C2N monolayer following three different mechanisms, namely 
ER mechanism with O2-preadsorbed catalyst surface, BLH 
mechanism with CO-preadsorbed catalyst surface (low CO par-
tial pressure), and TER mechanism with two CO molecules 
preadsorbed on catalyst surface (high CO partial pressure). 
Comparing the E–R, BLH, and TER routes discussed above, 
we could easily find the TER mechanism is the most favored 
pathway, since it has the lowest activation energy of 0.42  eV, 
thus it is recommended to perform CO oxidation at high CO 
partial pressure since it will favor TER mechanism. Notably, 
the largest activation energies of all the examined mechanisms 
(TER: 0.42 eV; ER: 0.69 eV; BLH: 0.73 eV) are less than 0.8 eV, 
indicating that the CO oxidation process could occur at room 
temperature.[58] Interestingly, the notorious CO-poisoning 
problem could be avoided on Fe1Cu1@C2N: O2 and CO have 
comparable adsorption strengths (2.45 and 2.20  eV, respec-
tively) on the catalyst surface, and O2 could react with the 
preadsorbed CO by surpassing moderate barriers (0.73 and 
0.42 eV for the preadsorption of one and two CO, respectively). 
Thus, the hetero-nuclear Fe1Cu1@C2N is quite promising as 

Small Methods 2019, 1800480

Figure 4.  The reaction pathways (BLH) based on the coadsorption of CO 
and O2 and energy profile for CO oxidation on the heteronuclear metal-
dimer Fe1Cu1@C2N monolayer. The corresponding side views were given 
in Figure S8 (Supporting Information). Color scheme: N, blue; Fe, purple; 
Cu, orange; C in C2N, gray; C in CO, brown; O in CO, green; O in O2, pink 
(reacted with CO) and red.

Figure 5.  The reaction pathways based on the TER mechanism and the 
energy profile on the heteronuclear metal-dimer Fe1Cu1@C2N monolayer. 
The corresponding side views were given in Figure S9 (Supporting Infor-
mation). Color scheme: N, blue; Fe, purple; Cu, orange; C in C2N, gray; C 
in CO, brown; O in CO, green; O in O2, pink and red.
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low-cost catalyst for CO oxidation at room temperature without 
suffering the CO-poising problem.

Notably, the heteronuclear Fe1Cu1@C2N outperforms its 
homonuclear counterparts (Fe2@C2N and Cu2@C2N) as a 
catalyst for low-temperature CO oxidation: it is much easier 
to remove the chemisorbed atomic O on the Fe1Cu1@C2N 
than the Fe2@C2N (reaction barrier 0.69  eV vs 1.53  eV); the 
O2 dissociation on the Fe1Cu1@C2N is barrierlessly, while a 
barrier of 0.50  eV should be surpassed on the Cu2@C2N;[48]  
CO-poisoning will not be the limited issue for the Fe1Cu1@
C2N, but Cu2@C2N is prone to be poisoned by CO molecules 
due to the higher CO adsorption energy compared with that of 
O2 (2.14 eV vs 1.33 eV).

2.4. Origin of the Superior Catalytic Performance of Fe1Cu1@C2N

To understand the much enhanced catalytic performance of 
Fe1Cu1@C2N over its homonuclear counterparts (Fe2@C2N and 
Cu2@C2N), we examined the density of states of the d electrons 
and analyzed the d-band centers of these three dimer species 
(Figure S10, Supporting Information). According to the d-band 
center theory, the position of the d-band center can differentiate 
the adsorption strength with adsorbates. Checking the relation-
ship between the d-band centers, including the d-band centers 
of the spin-up channel (d-up) and spin down channel (d-down), 
and the adsorption energies of CO, O2, and O (Figure  6), 
we found that the adsorption energy change well correlates 
with the d-band center position: the adsorption strength of  
CO/O2/O on the Fe1Cu1@C2N is between them on the Fe2@
C2N and Cu2@C2N, and the d-band center of spin-down 
channel for the Fe1Cu1@C2N is placed between the d-down 
of the Fe2@C2N and Cu2@C2N. Thus, the dependence of the 
adsorption strength and the d-band center is in line with the 
d-band center theory proposed by Hammer and Nørskov.[59]

We also noted that the CO/O2/O adsorption in the lowest-
energy structures can induce the structural transformation 
of metal dimer from II to I, as shown in Figure  1. Thus, we 
further compared the d-band centers of the Fe1Cu1@C2N in 

different configurations with those of Fe2@C2N and Cu2@C2N.  
For Fe1Cu1@C2N, in either configuration I or II, the d-band 
centers of the spin-down channel are located between the cor-
responding values of Fe2@C2N and Cu2@C2N (Figure S10, 
Supporting Information and Figure  6); while the spin-down 
channel of the d-band centers of Fe2@C2N in both I and II 
configurations are quite close to the Fermi level, leading to the 
strong interaction with the adsorbates (CO, O2, and O) and the 
concomitant high activation energy to remove the atomic O 
(as high as 1.53 eV). The cooperation of Fe and Cu endows the 
Fe1Cu1@C2N possessing the moderate d-band centers in con-
figurations I and II, and thus leads to the heteronuclear species 
outperforming its homonuclear counterparts, consisting with 
previous theoretical results that catalysts with moderate d-band 
centers exhibit good catalytic performance.[58–61]

2.5. The Feasibility for Experimental Realization of Fe1Cu1@C2N

So far single metal atom on C2N has not been synthesized yet, 
instead the Ru nanoparticles dispersed within the nitrogenated 
holes of C2N[62] and Fe nanoparticles supported on C2N[63] were 
obtained by Baek and co-workers. Previously we proposed a 
synthetic route and simulated the synthesis process for experi-
mental realization of Cu1@C2N and Cu2@C2N using CuCl2 as 
the metal precursor, and found that both catalysts are quite easy 
to be obtained.[48] Since the Eb

2 value of Fe (3.79 eV) is much 
larger than that of Cu (2.69  eV) for Fe1Cu1@C2N (Table S1, 
Supporting Information), we then examined the feasibility for 
experimental realization of Fe1Cu1@C2N based on Cu1@C2N 
and FeCl2 by computing the energy profile of the proposed 
synthetic route (Figure S11, Supporting Information) and 
simulating the synthesis process by first principles molecular 
dynamics (FPMD) at 350 K in an NVT canonical ensemble. All 
the reaction steps can easily occur since they are either spon-
taneous (barrierless) or only slightly endothermic (Figure S12, 
Supporting Information). In our FPMD simulations, the FeCl2 
in the solution is observed to adsorb on the Cu1@C2N, after-
ward the Cl− ions is desorbed. Within 0.5 ps, Fe1Cu1@C2N is 
formed (Figure S13, Supporting Information). The FPMD sim-
ulation (5  ps at 800 K) revealed that the Fe1Cu1@C2N system 
has very good thermal stability (Figure S14, Supporting Infor-
mation). Note that during the period of revision, the Cu1

0–Cu1
x+ 

pair anchored on Pd10Te3 alloy nanowires have been developed 
for selective and efficient electrochemical reduction of CO2,

[64] 
the Zn–Co atomic pairs on N-doped carbon support was experi-
mentally achieved and the high activity toward oxygen reduc-
tion reaction was demonstrated.[65] Thus, we believe that the 
highly stable and efficient Fe1Cu1@C2N catalysts could be syn-
thesized by using CuCl2 and FeCl2 as the metal precursors.

3. Conclusions

In summary, by means of DFT computations, we explored 
the potential of using C2N monolayer to anchor heteronuclear 
metal dimer, i.e., Fe1Cu1@C2N, as the biatom catalyst for CO 
oxidation, in comparison with its the homonuclear counterparts 
Fe2@C2N and Cu2@C2N. The heteronuclear Fe1Cu1@C2N 

Small Methods 2019, 1800480

Figure 6.  The d-band centers of configuration II and I, and the adsorption 
energies of CO, O2, and O for the Fe2@C2N, Fe1Cu1@C2N and Cu2@C2N.
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has good thermodynamic and thermal stabilities, and exhibits 
superior performance toward CO oxidation compared to the 
homonuclear catalysts Fe2@C2N and Cu2@C2N, and especially 
does not suffer the notorious CO oxidation problem. The het-
eronuclear Fe1Cu1@C2N species is feasible to be synthesized 
according to our proposed synthetic route and MD simulations. 
Our comparative study suggests that the heteronuclear biatom 
catalyst, namely the iron copper dimer anchored on suitable 
substrate, is highly active for CO oxidation.

Heteronuclear dimers provide a simple means of modu-
lating the d-band centers, so that the optimal interactions with 
the intermediates can be achieved, thus enhancing the cata-
lytic performance. Note that this work is the first attempt to 
investigate heteronuclear biatom catalysts, and there might be 
some metal dimers exhibiting even better performance than 
Fe1Cu1@C2N for CO oxidation, considering the vast number of 
possible combinations of heteronuclear dimers. This work not 
only spans the single-atom catalysts, but also provides useful 
insights and guidelines to future theoretical and experimental 
investigations, and help promote the design and development 
of novel low-cost and efficient nanocatalysts for many other 
important reactions.

4. Computational Details

Our spin-polarized DFT computations were based on the gen-
eralized gradient approximation (GGA) in the form of the 
Perdew–Burke–Ernzerhof exchange-correlation functional 
(PBE).[66] Frozen-core all-electron projector augmented wave 
(PAW) method[67] was used as implemented in the Vienna  
ab initio simulation package (VASP).[68] The Monkhorst–Pack 
scheme[69] of (5 × 5 × 1) k-points mesh was applied to carry 
out the numerical integrations in the reciprocal space. The 
kinetic energy cutoff for the plane-wave basis set was chosen 
to be 500  eV. The optimized lattice parameter of the 2D C2N 
unit cell (C12N6) is 8.33 Å, which agrees well with both experi-
mental value[53] and previous theoretical results.[37] The com-
putations on the isolated molecules and atoms were carried 
out in a (10 Å × 10 Å × 10 Å) unit cell with the Γ-point only 
for the k-point sampling. The reaction pathways were investi-
gated by using the climbing image nudged elastic band method 
(CI-NEB),[70] and for each reaction, 5–9 images were inserted 
between the reactant and the product. Bader charge analysis[71] 
was used to evaluate the charge transfer. Unless stated other-
wise, the unit cell was used in our computations.

The binding energy (Eb) of a metal atom or the adsorption 
energy (Ead) of an adsorbate (O2, CO, etc.) on the substrate was 
defined as Eb/Ead = E + E′ −Etot, where E, E′, and Etot represent 
the total energies of the clean slab, the isolated adsorbed atom/
molecule, and the slab after adsorption, respectively. In the case 
of the coadsorption of two species A and B, E′ is the sum of the 
total energies of isolated A and B. According to this definition, 
a positive (negative) value of Eb/Ead indicates that the adsorp-
tion is exothermic (endothermic).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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