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1.  Introduction

As a clean energy device, the proton exchange membrane 
fuel cells (PEMFCs) has broad application prospects. The H2 
fuel that fed into the PEMFCs anode is usually obtained from 
fossil fuels, which would inevitably contain CO contaminant. 
The existence of CO would poison the electrode material, 
and therefore deactivate the electrode material and lower the 
energy conversion efficiency. Therefore, the design of elec-
trode materials with high CO-tolerence is a matter of great 
concern. This requires the electrode materials to be able to 
catalyze CO oxidation efficiently.

MXenes, a new family of 2D materials, can display different 
properties by changing the composition and termination [1, 2].  
The rich combination forms and excellent properties make 
MXenes widely explored in many fields [3, 4]. It is possible to 

tune the number of valence electrons of MXenes and enhance 
their electronic functionality [5]. MXenes have high specific 
surface area, which is prominent for catalytic reactions. For 
example Ti2C and Mo2C have been reported to have good CO 
oxidation activity [6, 7] and effective photocatalytic water 
splitting activity [8] after surface modification. Nb2C has been 
prepared experimentally [9] and has been reported to have 
good catalytic properties after adding some terminal modifica-
tions. In Handoko et al’s report [10], Nb2CO2 was speculated 
to have a good activity in catalytic CO2 reduction process. 
In Gao et al’s calculation [11], from the volcano feature of 
the average Gibbs free energy of hydrogen adsorption, it is 
expected that Nb2CO2 has a nice catalytic activity in hydrogen 
evolution reaction (HER). By Pandey et al’s screening [12], 
Nb2NO2 was also predicted to have good catalytic activity for 
HER. Therefore, we have sufficient reasons to believe that 
the Nb-based MXenes have certain advantages in catalytic 
activity. However, the CO oxidation reaction has not been 
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reported on the Nb-based MXenes. Due to the high chemical 
activity of the bare Nb2C monolayer, loading terminal atoms 
or functional groups is needed to regulate the surface activity 
[6]. We expect to find a combination that can form a stable 
composite system with the bare Nb2C and meet the expecta-
tions mentioned above.

Noble metal catalysts have excellent catalytic efficiency 
[13–16] and were used as the electrode catalysts for PEMFCs, 
but the high price greatly limits their practicability. Therefore, 
it is imperative to reduce the amount of noble metals used in 
the electrode catalysts. We chose Rh, Ir, Pd, Pt, Ag, Au over-
layers as terminals on the bare Nb2C monolayer. These trans
ition metals have been widely studied for catalytic reactions 
[17, 18]. Moreover, it has been experimentally implemented 
that many metal nanoparticles [19] and carbon nanotube [20] 
can be loaded on MXenes. Few-layered MoS2 loading on 
MXenes were also experimentally prepared [21]. It can be 
speculated that metal monolayers would be possible to form 
on MXenes. In this paper, we study the configurations of dif-
ferent metal overlayers (M  =  Rh, Ir, Pd, Pt, Ag, Au) loaded on 
the bare Nb2C monolayer (MML/Nb2C). The systems with high 
stability and high activity for CO oxidation will be screened 
out. We hope to find a combination with high CO-tolerance 
and high efficiency to catalyze CO oxidation reaction.

2.  Computational details

The spin-unrestricted density functional theory (DFT) calcul
ations were performed using the DMol3 code embedded 
in Materials Studio with the DNP (double numerical plus 
polarization) basis sets and DFT semicore pseudopotentials 
(DSPPs) [22]. Generalized gradient approximation (GGA) 
of Perdew–Burke–Ernzerhof (PBE) formalism was used for 
the exchange correction interaction [23]. The Tkatchenko and 
Scheffler (TS) correction scheme was used to describe the van 
der Waals interaction between layers [24]. The convergence 
criteria were set to be 10−5 Ha for the energy, 0.002 Ha Å−1 
for the forces, and 0.005 Å for the displacements during the 
structural optimization. The Brillouin zone sampling was per-
formed using the Monkhorst–Pack Method [25] with k-points 
grids of 15  ×  15  ×  15 and 5  ×  5  ×  5 for the optimization of the 
unit cell and supercell, respectively, and 11  ×  11  ×  11 for elec-
tronic properties calculations. A periodic cell of 10  ×  10  ×  10 Å  
was used for the simulation of single atoms and free gas mol-
ecules. The linear synchronous transit (LST)/quadratic synchro-
nous transit (QST) method [26] was used for transition states 
and the minimum energy pathway (MEP) search.

The adsorption energy Ead was defined as:

Ead = Eadsorbate/substrate − Eadsorbate − Esubstrate� (1)

where Eadsorbate/substrate, Eadsorbate and Esubstrate are the total 
energies of the substrate with adsorbate, the free adsorbate 
and the bare substrate, respectively. A negative Ead value indi-
cates that the adsorption process is exothermic.

The binding energy Eb per metal atom in the metal over-
layers on Nb2C monolayer was calculated following the 
equation:

Eb = 1/n
(
EML/Nb2C − ENb2C − nEM

)
� (2)

where EML/Nb2C and ENb2C are the energies of the Nb2C 
monolayer with and without metal overlayer, respectively. EM 
is the energy of a free metal atom, and ‘n’ is the number of 
metal atoms in the metal overlayer.

The cohesive energy (Ecoh) between the metal atoms in the 
metal bulk is defined as:

Ecoh = 1/n (Ebulk − nEM)� (3)

where EM and Ebulk are the energies of a free metal atom and 
the unit cell of bulk metal, respectively.

3.  Results and discussion

The calculated lattice parameter of the Nb2C monolayer is 
3.059 Å, which is in good agreement with the value obtained 
by Khazaei et al [27]. The space group of the Nb2C mono
layer is P3̄ml. A supercell with a 3  ×  3 surface of the Nb2C 
monolayer was chosen as the substrate to load the different 
metal overlayer, as shown in figure 1(a). A vacuum layer of 
15 Å was added in between the Nb2C layers to eliminate the 
interaction between the periodical images.

3.1. The systems loaded with different metal overlayers

After the Nb2C monolayer is obtained, we study the configu-
rations of different metal overlayers loaded on Nb2C mono
layer. We first need to select the most favourable adsorption 
site for all kinds of single metal atoms on Nb2C monolayer. 
By comparing the adsorption energies of single metal atoms 
(Rh, Ir, Pd, Pt, Ag, Au) at different adsorption sites on the 
Nb2C monolayer, as shown in figure  1(a) and table  1, we 
found that all the metal atoms tended to be adsorbed at site 
1, the face-centered cubic (fcc) sites. Therefore, the model of 
Nb2C monolayer loaded with different metal overlayers was 
build as shown in figure 1(b), represented by AgML/Nb2C. In 
order to investigate whether these composite structures have 
good stability, the Eb and Ecoh were calculated as shown in 
table 1, from which we concluded that all of the loaded metal 
atoms had a larger absolute Eb values than their corresponding 
absolute Ecoh values. In other words, the adsorption strength 
of metal atoms on the Nb2C monolayer is stronger than the 
cohesion of metal atoms in bulk. Therefore the low coverage 
of metal atoms would form single layer on the Nb2C rather 
than to form metal bulk or clusters.

3.2. The adsorption of small gas molecules

The adsorption strength of gas molecules is very important 
to the reaction processes. We hope to screen out the systems 
with the appropriate adsorption energies for gas molecules. 
The adsorption energies for the most preferred adsorption 
configurations of O2, CO and CO2 on MML/Nb2C were cal-
culated and the results were shown in table  2. For Rh and 
Ir, the adsorption energies of CO are 2.00 eV and 1.93 eV, 
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respectively. Moreover, the adsorption strength of CO is much 
larger than those of O2. Therefore CO tends to be adsorbed on 
the substrate first, which may cause CO-poisoning and deacti-
vate the catalyst. The similar problems existed with the Pd and 
Pt overlayers. As for Au, the adsorption of O2 is weak with an 
adsorption energy of 0.38 eV. Therefore AuML/Nb2C may not 
be sufficiently capable of capturing O2. It would be possible 
that the oxygen molecules migrate before reacting with CO. 
When the adsorption energy of CO is close to that of O2, it 
may be easier to form a co-adsorption configuration, which 
would be beneficial for further reaction. This is the case for 
the Ag overlayer on Nb2C, which has adsorption energies of 
0.67 and 0.66 eV for O2 and CO, respectively. To sum up, we 
finally selected the AgML/Nb2C system as a promising can-
didate catalyst for CO oxidation reaction. From the partial 
density of states (PDOS) of AgML/Nb2C shown in figure 1(c), 
we can see that the Ag-4d states resonate strongly with the 
Nb-4d states from  −8 eV to  −3 eV relative to the Fermi level, 
with their main peaks overlaped to a large extent. This to some 
extent may also reflect that the AgML/Nb2C has a good sta-
bility. The atomic structures and the charge density difference 
maps for the systems of AgML/Nb2C with small molecules 
were shown in figure 2.

As shown in figure 2(a), O2 was adsorbed on AgML/Nb2C 
in a configuration nearly parallel to the AgML/Nb2C surface 
with an adsorption energy of 0.67 eV and the O-O bond 
was stretched to 1.385 Å. In figure  2(b), CO was adsorbed 
vertically on the substrate, with an adsorption energy of 
0.66 eV. We can also see that CO2 was adsorbed parallel to 
the substrate in figure 2(c). As seen from the CDD, there was 
almost no electron transfer between CO2 and the substrate, 
reflecting the weak adsorption of CO2. The adsorption energy 
shown in table 3 also shows that CO2 binds to the substrate 
by physical adsorption. On Ag(1 0 0), the adsorption energy 
of O2 (0.11 eV) is much smaller than that of CO (0.35 eV), 
which is not conducive to the capture of O2 [28]. Similarly 
on Ag(1 1 1), the adsorption energy of CO (0.29 eV) is higher 
than that of O2 (0.16 eV) [29]. And CO2 is weakly adsorbed 
on both of them. CO-poisoning may occur on Ag(1 0 0) and 
Ag(1 1 1), since CO is more favorable to be adsorbed on the 
substrate than O2. The problem on AgML/Nb2C is much less 
likely to occur, because the adsorption energy of O2 on AgML/
Nb2C is very close to that of CO. Compared with Ag(1 0 0) 
and Ag(1 1 1), AgML/Nb2C has a higher CO-tolerence.

3.3. The oxidation of CO on AgML/Nb2C

3.3.1. The dissociation of O2.  First, we explored the dissocia-
tion process of O2 on AgML/Nb2C. As shown in figure 3, the 
barrier for oxygen dissociation reaction is as high as 1.61 eV. 

Figure 1.  (a) The top and side views of the Nb2C monolayer, where the gray, and aqua blue spheres represent carbon and niobium atoms, 
respectively. The numbers 1, 2 and 3 represents different adsorption sites. (b) The top and side views of AgML/Nb2C, where the stone blue 
spheres represent the adsorbed silver atoms. (c) The partial density of states (PDOS) of Nb-4d and Ag-4d in AgML/Nb2C. The Fermi level is 
set to be the energy zero (the dotted line represents the Fermi energy).

Table 1.  The adsorption energies of different sites for various 
single metal atoms on bare Nb2C. The configurations in which the 
adsorption energy represented by ‘—’ in the table are unstable. 
When these structures are optimized, they transformed into one of 
the other two structures mentioned in the figure 1(a).

Eb1 (eV) Eb2 (eV) Eb3 (eV)

Rh −6.833 — −6.559
Ir −8.034 — −7.725
Pd −4.865 — −4.708
Pt −6.896 — −6.710
Ag −3.523 — −3.498
Au −4.454 — −4.416

Table 2.  The cohesive energies (Ecoh) per atom in metal bulk and 
the binding energy (Eb) per metal atom in the MML/Nb2C.

Ecoh (eV) Eb (eV)

Rh −6.42 −7.26
Ir −7.56 −8.41
Pd −3.81 −5.12
Pt −5.59 −7.03
Ag −2.99 −3.80
Au –3.24 –4.51

J. Phys.: Condens. Matter 32 (2020) 175201



C Xu et al

4

Therefore, when O2 is adsorbed on the substrate, the dissocia-
tion of O2 would be difficult. Next, we explored the possible 
mechanisms of CO oxidation on AgML/Nb2C.

3.3.2. The possible mechanisms of CO oxidation.  The CO 
oxidation reaction may proceed by three mechanisms accord-
ing to the gas adsorption in the initial structure of the reaction. 
As shown in figure 4, O2 was pre-adsorbed on the substrate, 
and then CO entered to break the O–O bond forming the 
intermediate CO3. This is the Eley–Rideal (ER) mechanism 
[30] for CO oxidation. The process experienced a high barrier 
of 2 eV for CO breaking the O–O bond. From the perspec-
tive of dynamics, the occurrence of CO oxidation on AgML/
Nb2C would not be inclined to happen var the ER mech
anism. The large oxygen dissociation barrier could explain the 

phenomenon that a high barrier is required in the process of 
O–O bond fracture in the ER mechanism.

As shown in figure  5(a), O2 and CO were co-adsorbed 
on AgML/Nb2C. The oxidation of CO starting from the co-
adsorption structure of O2 and CO on the substrate was 
called the Langmuir–Hinshelwood (LH) mechanism [31]. 
Figure 5(b) showed the intermediate state OOCO in the LH 
mechanism. We had another co-adsorption configuration 
as shown in figure  5(c). Unlike the configuration shown in 
figure  5(a), where the CO was adsorbed above the straight 
line of the two adsorbed oxygen atoms, the position of CO in 
figure 5(c) formed a triangle with the two adsorbed oxygen 
atoms. The adsorption energies of the two co-adsorption con-
figurations are very close (1.40 eV and 1.41 eV, respectively), 
which are all larger than the sum of the individual adsorp-
tion energies of O2 and CO, indicating that there was mutual 
attraction between the co-adsorbed O2 and CO. Moreover, the 
distance between O2 and CO is moderate, which is suitable for 
the further reaction process. LH (l) and LH (t) were used to 
represent the reaction pathways starting of the co-adsorption 
configurations in a straight line and the triangle configurations 
in the following discussion, respectively.

The reaction passways of the LH mechanism starting from 
the two different initial adsorption configurations were shown 
in figures  6(a) and (b), respectively. From LH (l) shown in 
figure 6(a), the formation of OOCO had an energy barrier of 

Figure 2.  The top and side views of the atomic structures and the charge density difference (CDD) for the systems with O2 (a), CO (b), 
CO2 (c) adsorption on AgML/Nb2C, respectively.

Table 3.  The adsorption energies of O2, CO and CO2 on MML/
Nb2C.

O2 (eV) CO (eV) CO2 (eV)

Rh −1.26 −2.00 −0.35
Ir −1.03 −1.93 −0.26
Pd −0.73 −1.09 −0.21
Pt −0.69 −1.35 −0.22
Ag −0.67 −0.66 −0.20
Au −0.38 −0.73 −0.20
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Figure 3.  The dissociation process of the adsorbed O2 on AgML/Nb2C.

Figure 4.  The formation of CO3 in the Eley–Rideal (ER) mechanism on AgML/Nb2C.

Figure 5.  Different initial adsorption configurations (a) and (c) and corresponding intermediates (b) and (d) OOCO in the LH mechanism 
mechanisms on AgML/Nb2C. The yellow numbers on the sphere label the oxygen atoms.

J. Phys.: Condens. Matter 32 (2020) 175201
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0.61 eV, and then the OOCO dissociated further to form an 
adsorbed oxygen atom and a CO2 with an energy barrier of 
0.29 eV. The most stable adsorption site of the dissociative 
oxygen atom was at the top of carbon atom, with an adsorp-
tion energy of 0.72 eV, while the formed CO2 was bound to 
the substrate in the form of physical adsorption. In contrast, 
the formation of OOCO in LH (t) shown in figure 6(b) had 
a smaller energy barrier of 0.34 eV. The OOCO in LH (t) is 
equivalent to that in LH (l) considering the symmetry of the 
AgML/Nb2C. After the CO2 was desorbed, both the LH(l) and 
LH(t) passways ended up with the same adsorbed oxygen 

atom. The remaining oxygen atom on AgML/Nb2C overlayer 
may co-adsorb with another CO with a co-adsorption energy 
of 1.46 eV, which is also larger than the sum of the adsorp-
tion energies of an oxygen atom and CO, indicating that the 
remaining oxygen atom would promote the adsorption of 
another CO. The oxidation of CO by the adsorbed oxygen 
atom would need to overcome a barrier of 0.35 eV to form a 
new CO2, as shown in figure 7. All the steps in the reaction 
passway were exothermic.

In order to further explore the reason for the difference in the 
reaction barriers between the two different reaction pathways 

Figure 6.  Partial reaction pathway of the LH mechanism from two different initial structures, LH (l) (a) and LH (t) (b) on AgML/Nb2C.

Figure 7.  The oxidation of CO by the adsorbed oxygen atom in the LH mechanism on AgML/Nb2C.

J. Phys.: Condens. Matter 32 (2020) 175201
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in the LH mechanism, we also calculated the Muliken charges 
of the two initial co-adsorption configurations and the corre-
sponding intermediate states OOCO, as shown in table 4.

From table 4, we can see that, for different initial adsorp-
tion configurations, there were different charges on the oxygen 
atoms, due to the rearrangement of the electrons caused by the 
proximity of the carbon atom to the different oxygen atom 
and the unequal distance between the carbon atoms and the 
nearest oxygen atoms. In both cases, the gain and loss of elec-
trons were basically the same for the corresponding atom of 
OCOO. In LH (l), the oxygen atom labeled number 2, which 
has a higher absolute value of charge (0.349), approaching the 
adsorbed CO, had to overcome the force of two silver atoms 
closer to it and the oxygen labeled number 1. But in LH (t), the 
oxygen atom labeled number 1, which has a lower absolute 
value of charge (0.315), approaching the adsorbed CO, just 
had to overcome the force of one silver atom close to it and 
the oxygen atom labeled number 2. Maybe this is the reason 
why the energy barrier of forming OOCO in LH (t) is smaller 
than that in LH (l).

The termolecular Eley–Rideal (TER) [32] mechanism 
would occur when one O2 co-adsorbed with two CO as shown 
in figure 8, which had a co-adsorption energy of 2.14 eV on 
AgML/Nb2C. Just like the co-adsorption of one CO and one 
O2, the co-adsorption energy of the three molecules was 
greater than the sum of their individual adsorption energies, 
indicating that the formation of the co-adsorption configura-
tion was favorable on AgML/Nb2C. In the TER mechanism, 

each CO pulled on the oxygen atoms of the co-adsorbed O2 to 
form two CO2 after overcoming an energy barrier of 0.57 eV. 
The process had a large energy gain of 5.03 eV.

From the respective of the reaction barrier, the oxidation 
of CO on AgML/Nb2C tends to be carried out var the LH(t) 
passway, with a barrier of 0.35 eV. To show that AgML/Nb2C 
is superior for CO oxidation reaction, we compared the CO 
oxidation reaction barriers of the corresponding rate-deter-
mining steps of other systems as shown in table 5. In Zhang’s 
et  al’s report, the CO reaction process was investigated on 
Pd(1 0 0) and Pd(1 1 1). Athough the two systems have the 
same rate-determining step as that on AgML/Nb2C, i.e. the 
oxidation of CO by the adsorbed oxygen atom, the barrier 
in AgML/Nb2C (0.35 eV) is significantly lower. In Su et al’s 
report, it had to overcome an even higher barrier (1.03 eV) 
on Ag(1 1 1) to complete the reaction. In Zhao et al’s report, 
AgML/WC(0 0 0 1) was studied. Compared with AgML/Nb2C, 
both of them were loaded with the same metal monolayer and 
had the same rate-determining step, however, the combina-
tion of Ag overlayer and Nb2C is more favorable in catalyzing 
CO oxidation. In Xu et  al’s report, the catalytic CO oxida-
tion reaction on the Mn-doped graphene ststem reached the 
optimal level under the applied electric field with the forma-
tion of OCOO, the reaction barrier of 0.55 eV is still higher 
than the barrier of 0.35 eV on AgML/Nb2C. To sum up, AgML/
Nb2C has the higher efficiency for CO oxidation. Here, we 
screened AgML/Nb2C out from a series of MML/Nb2C and 
verified that it had high CO oxidation efficiency, which would 

Table 4.  Muliken charges of two initial co-adsorption configurations in LH (l) and LH (t) and the corresponding intermediate states 
OOCO. The atomic labels were shown in figure 5. A negative value indicates that the atom gained electrons and was negatively charged, 
while a positive value indicates that the atom lost electrons and was positively charged. The values are in |e|.

O1 O2 C O3

l-CO  +  O2 −0.310 −0.349 0.079 −0.069
t-CO  +  O2 −0.340 −0.315 0.079 −0.069
l-OOCO −0.449 −0.153 −0.204 −0.319
t-OOCO −0.154 −0.450 −0.203 −0.318

Figure 8.  Reaction pathway of CO oxidation reaction through termolecular Eley–Rideal (TER) mechanism on AgML/Nb2C.
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provide a theoretical basis for the design of electrode mate-
rials for PEMFCs.

4.  Conclusion

Based on the first-principles calculation, the stability of MML/
Nb2C was systematically studied. It was found that low cov-
erage of all the metal atoms studied tended to form a single 
layer on Nb2C rather than metal bulk or clusters. The adsorp-
tion of small gas molecules on the different MML/Nb2C sys-
tems was analyzed. By comparing the adsorption properties 
of small gas molecules, we proposed AgML/Nb2C as the prom-
ising candidate catalyst for CO oxidation. Through the explo-
ration of different reaction mechanisms of CO oxidation on 
AgML/Nb2C, we found that the LH mechanism had the min-
imum energy barrier of 0.35 eV, and the rate-limiting step was 
the oxidation of CO by the adsorbed oxygen atom. The suit-
able adsorption strength and low CO oxidation barrier made 
the AgML/Nb2C an efficient catalyst with high CO-tolerance 
and high CO conversion efficiency, which would provide a 
theoretical basis for designing of PEMFCs electrode materials.
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