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Metal/graphene has been used as a filter membrane exterior to the hydrogen fuel cell to prevent CO 
poisoning. Therefore, removing CO from H2 feed gas is important for efficient use of anode catalyst and 
would increase the lifetime of the fuel cells. In this work, the adsorptions of CO and H2 on metal/perfect-
graphene (M/Gp) and metal/defect-graphene (M/Gd) (M= Sc - Zn) are investigated by using the density 
functional theory. Our results indicated that the defect site in graphene enhances the stability of metal on 10 

the graphene compared with perfect graphene. For gas molecule adsorption, however, CO and H2 
adsorption is more weakly on defect graphene compared with perfect one, due to the more localized metal 
d electrons in the former case. For both defect and perfect graphene, Fe/Gp(d), Co/Gp(d) and Ni/Gp(d) are 
more effective in separating CO from H2 feed gas, in particular for the perfect graphene. Orbital analysis 
suggested that yzd and/or xzd  orbitals of metal atoms play a major role in CO and H2 adsorption. 15 

1. Introduction 

Current energy productions are mainly from the unsustainable 
resource such as fossil fuels. However, the depleted resources and 
environmental pollution of the fossil fuels limited their use. Fuel 
cell is electrochemical cell that converts chemical energy into 20 

electrical energy which is one of attractive replacements for fossil 
fuels.1,2 Currently, platinum is widely utilized as anode 
electrocatalyst due to its high catalytic activity toward the redox 
reactions of H2 and O2.

3 The hydrogen for the anode reaction is 
mainly produced by steam reforming of methane. This results in 25 

hydrogen feed gas containing an appreciable amount of CO 
(0.5~2%), and it is known that CO level as little as 20 ppm would 
poison the anode catalyst by blocking hydrogen adsorption sites.4 
Therefore, the presence of CO is one of the obstacles and is 
particularly challenging for the development of fuel cells. In 30 

order to avoid catastrophic poisoning of the fuel cell anode, CO 
concentration needs to be removed or at least reduced.  
 To improve the CO tolerance, many electrode materials are 
investigated. It is found that the presence of a second metal 
changes the CO chemisorptions by modifying the Pt electronic 35 

properties and promotes the oxidation of CO to CO2.
5-7 Thus, 

many binary PtM alloys have been investigated, such as PtRu, 
PtRh and PtPd.8-16 The most promising alloy is PtRu catalyst due 
to more effectively promoting the electro-oxidation and higher 
CO tolerance, 11-16 while the high cost of Ru and Pt limited its 40 

widespread application. After that, several Pt-based electrodes by 
alloying Pt with a second non-precious metal (PtFe, PtCo, PtNi, 
PtSn and PtW etc.) were also found to have excellent CO 
tolerance and oxidation reaction.16-24 Although the catalytic life is 
lengthened in these Pt alloys, CO poison still exists. On the other 45 

hand, some other techniques have been investigated to improve 

the CO tolerance in fuel cell, such as air bleeds 
(2CO+O2→2CO2) and water-gas shift reaction (WGS, 
CO+H2O↔CO2+H2).

25-31 The difficulty of air bleeds is to 
maintain high reaction rate and selectivity for oxidizing CO 50 

rather than H2,
25-27 while for WGS, the reaction shows low 

activities at low temperatures.28-31 Thus, an ideal method would 
be to remove CO before H2 reaches the catalyst. 
 The mechanism for CO poison has also been studied 
theoretically. In a practical catalytic process, the Pt catalyst is 55 

usually fully covered by H atoms and/or CO molecules and Pt 
catalytic activity is coverage dependent.32,33 The dissociative 
energy of hydrogen on Pt(111) is between 0.70 and 0.83 eV,34-36 
while CO adsorption energy on Pt(111) is between 1.49 and 1.8 
eV.37,38 This means that CO molecule would bind more strongly 60 

on Pt catalysts to block the available sites for dissociating H 
atoms. Furthermore, it was found that each CO molecule could 
roughly exclude two H atoms on the Pt6 cluster and the poisoning 
effect was partially due to the loss of Pt (5d) electrons upon CO 
adsorption.39 It is also found that the enhancement for CO 65 

tolerance could be achieved by reducing its adsorption, 
facilitating CO oxidation or removing CO from H2 feed gas, 
while the later one seems more effective in preventing catalyst 
from CO poisoning by allowing almost pure H2 reaching catalyst. 
Recently, metal deposition on carbon based materials are widely 70 

investigated and used in fuel cells due to the high activity.10-14,17-

19 Theoretical study indicated that metal/graphene (Ni/G, Pt/G 
and IrAu/G) bound CO strongly while having minimal interaction 
with H2, which were potential materials to remove CO from the 
H2 feed gas.40 In that work, however, only the interaction 75 

between perfect graphene and transition metals is considered.40 It 
is known that defects occur frequently in graphene synthesis. 
Therefore, to find more applicable systems with the capability of 
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capturing CO from H2 feed gas, the non-precious metals M 
(M=Sc-Zn) adsorbed on both perfect and single point defect 
graphene are examined. The density functional theory method 
was used to study CO and H2 binding behavior on different 
metals.  5 

 
 Fig. 1 (Color online) The possible adsorption sites on perfect and defect 

graphene, respectively. B, T, Ho and D denote the bridge, top, hollow and 

defect sites, respectively. 

 10 

2. Computational Details 

2.1. Method 

The calculations were performed using Vienna ab-initio 
simulation package (VASP).41-44 The interactions between 
valence electrons and ion cores were treated by Blöchl’s all-15 

electron-like projector augmented wave (PAW) method.45,46 The 
exchange-correlation functional was the generalized gradient 
approximation with the Perdew-Burke-Ernzerhof, known as 
GGA-PBE.47 The wave functions at each k-point were expanded 
with a plane wave basis set and a kinetic cutoff energy up to 400 20 

eV. The electron occupancies were determined according to 
Fermi scheme with an energy smearing of 0.1 eV. Brillouin zone 
integration was approximated by a sum over special selected k-
points using the Monkhorst–Pack method48 and they were set to 
3×3×1. Geometries were fully optimized until the energy was 25 

converged to 1.0 × 10−6 eV/atom and the force was converged to 
0.01 eV/Å. Because of the existence of the magnetic atom, spin 
polarization was considered in all calculations. Since H2 

adsorption would be weak physisorption, a semiempirical DFT-
D2 force-field approach,49,50 which includes the van der Waals 30 

interaction, is employed in our calculations. 

2.2. Model 

A 4×4 perfect graphene surface (Gp, including 32 C atoms) and a 
single point defect graphene (Gd, including 31 C atoms) are set as 
the planar unit cell (9.84 Å×9.84 Å×12Å) for periodic calculation 35 

in this work. The structures of Gp and Gd are shown in Fig. 1a and 
b, respectively, as well as the possible adsorption sites of metal 
atom. The geometries are fully optimized after the metal atom 
adsorbed and the most stable structures are shown in Fig. S1 (for 
Gp) and S2 ( for Gd) in Supporting Information. 40 

    The adsorption energy of the metal atoms on the graphene is 
calculated by equation (1) in the following, while the adsorption 
energy of gas molecule (CO or H2) on the metal/graphene system 
( gE∆ ) was calculated by equation (2). The difference between the 
adsorption energies of CO and H2 is calculated by diffE∆  in 45 

equation (3). The larger the | |diffE∆ , the more effective to separate 
CO from H2 feed gas. 

 

Fig. 2 (Color online) The adsorption energies of metal atoms (Sc-Zn) on 

perfect graphene (black line) and defect graphene (red line), respectively. 50 

 
/m metal graphene graphene metalE E E E∆ = − −

              (1) 

( )/ /g metal gas graphene metal graphene gasE E E E
+

∆ = − −          (2) 

2diff CO H
E E E∆ = ∆ −∆

                                     
 (3) 

where the Egraphene, Emetal/graphene and E(metal+gas)/graphene denote the 
total energies of isolated graphene, metal/graphene and H2/CO 55 

adsorption on metal/graphene, respectively. The Emetal and Egas 
denote the total energies of single metal atom and isolated gas, 
respectively, which are calculated by setting the single metal 
atom or gas in a box of 12 Å×12 Å×12 Å. The negative ∆E 
indicates exothermic chemisorption, and positive value suggests 60 

endothermic chemisorption. 

3. Results and discussion 

3.1. The stability of 3d transition metals (from Sc to Zn) 

adsorption on graphene 

For perfect graphene (Gp), all the possible metal adsorption sites, 65 

i.e. bridge (B), hollow (Ho) and top (T) sites are examined (Fig. 
1). It is found that Ho site is energetically the most stable site for 
most of the 3d metal atoms adsorption (except Cu), which is in 
agreement with the pervious theoretical study.51 For Cu, the most 
stable site is at B site.  70 

For perfect graphene, the adsorption energy is the largest for 
Ti/Gp with mE∆  = -1.95 eV, followed by Ni/Gp with mE∆ = -1.75 
eV (Fig. 2). For Cr, Mn, Cu and Zn with either half filled d5 or 
fully filled d10 orbitals, the adsorption energy is relatively high, in 
particular for Zn/Gp with mE∆  = -0.18 eV. This suggests that the 75 

interaction between M and Gp will be influenced by the number 
of d electrons of the metal atom.40 
       For defect graphene, the calculated adsorption energy shows 
similar trend to the perfect one. However, the absolute values of 
the adsorption energy of metal atoms increases significantly (Fig. 80 

2) due to the charge transfer mechanism,52,53 suggesting that the 
defect on graphene can enhance the adsorption of metal atoms. 
This can be explained that the dangling bonds at defect site are 
saturated by the metal atom and it further induces the strong 
interaction between metal atom and the nearby C atoms. This is 85 

consistent to the previous observations.52,53 The largest adsorption 
energy is found for Ti/Gd ( mE∆  = -8.15 eV), followed by Co/Gd 

( mE∆  = -7.96 eV). Since Zn is the least stable in both perfect and 
defect graphene, it is excluded in the following CO/H2 separation 
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study. 
  

Table 1 The average bond distances (Å) between the adsorbed molecules 
and metal atoms. 

 perfect graphene defect graphene 
 CO H2 CO H2 

Sc 2.12 2.05 2.37 2.59 
Ti 2.04 1.99 2.23 2.34 
V 1.99 1.89 2.09 2.07 
Cr 1.93 1.83 2.03 1.99 
Mn 1.82 1.66 1.90 1.75 
Fe 1.78 1.64 1.88 1.75 
Co 1.75 1.56 1.84 1.82 
Ni 1.72 1.54 1.85 1.81 
Cu 1.79 1.59 1.84 1.72 

 5 

3.2. The adsorption of CO and H2 on M/Gp 

For adsorption of H2 and CO on M/Gp (M= Sc - Cu), the 
optimized geometry structures are shown in Supporting 
Information (Fig. S3 and S4). Our calculations indicated that the 
average distance between the metal atom and CO molecule 10 

(Table 1) decreases from Sc (2.12 Å) to Ni (1.72 Å), with slight 
increase for Cu/Gp (1.79 Å). Similar result is observed for H2 
adsorption, i.e., the average distance between M and H2 decreases 
from Sc (2.05 Å) to Ni (1.54 Å), with slight increase for Cu (1.59 
Å). For CO adsorption, the energies increase from Sc (-1.17 eV) 15 

to Ni (-2.90 eV), with dramatic decrease for Cu/Gp (-1.59 eV) 
compared with Ni/Gp (Fig. 3a). Thus, Ni/Gp has the strongest 
adsorption for CO with a value of -2.90 eV, followed by Co/Gp (-
2.69 eV) and Fe/Gp (-2.56 eV). Similar to the results of CO 
adsorption, more stable H2 adsorption are found for Ni/Gp, Co/Gp, 20 

and Fe/Gp with values
 
of -1.40,-1.24 and -1.09 eV, respectively. 

Furthermore, the energy difference between COE∆   and 2H
E∆

 , i.e., 
diffE∆  is the largest for Ni/Gp with a value of -1.50 eV, followed 

by Fe/Gp, Co/Gp and Mn/Gp with values of -1.47, -1.45, and -1.45 
eV, respectively. Since Mn/Gp is relatively unstable ( mE∆  = -0.41 25 

eV) compared with the other three systems ( mE∆  = -1.15, -1.54 
and -1.75 eV for Fe/Gp, Co/Gp and Ni/Gp, respectively), this 
means that M/Gp (M= Fe, Co and Ni) systems are supposed to be 
the promising materials to remove CO from the H2 feed gas, in 
particular for Ni/Gp.  30 

3.3. The adsorption of CO and H2 on M/Gd 

The adsorption geometries of CO and H2 on M/Gd are shown in 
Supporting Information (Fig. S5 and S6). For CO adsorption, the 
average distance between metal atom and carbon decreases from 
2.37 Å (Sc) to 1.84 Å (Cu) (Table 1). For H2 adsorption, the 35 

average distance between metal atom and H2 decreases from Sc 
(2.59 Å) to Cu (1.72 Å) in general, with slight increase for Co 
(1.82 Å) and Ni (1.81 Å) compared with Mn (1.75 Å) and Fe 
(1.75 Å). For the adsorption energy, it is seen that Fe/Gd is the 
most stable system for H2 (-0.54 eV) and CO (-1.54 eV) 40 

adsorption, followed by Co/Gd system (-0.26 and -1.34 eV for H2 
and CO, respectively) (Fig. 3b). Furthermore, the gas molecule 
adsorption on M/Gd (Fig. 3b) is weaker than that on M/Gp (Fig. 
3a), which is consistent with the longer metal-gas molecule 
distances for the former. This revealed that the defect on graphene 45 

will weaken the ability of metal atom adsorbing CO and H2. This 
can be explained by the change of orbital occupancy after CO and  

 

 
Fig. 3 (Color online) The adsorption energies of CO ( COE∆  red line) and H2 50 

( 2H
E∆ , black line) on (a) M/Gp and (b) M/Gd, respectively. Blue lines 

denote the difference between the adsorption energies of CO and H2, i.e.
 

2CO H
E E∆ −∆

 

 

 55 

Fig. 4 (Color online) The total change in d orbital occupancy of Fe, Co and 

Ni when the CO and H2 is adsorbed with reference to the isolated M/Gp(d). 

 

 
Fig. 5 (Color online) The partial density of states (DOS) of CO and H2 60 

adsorption on Fe/Gp and Fe/Gd. iso. represents the isolated M/Gp without 

CO or H2 adsorption. The dotted line denotes the Fermi level. 

 
H2 are adsorbed. Previous theoretical study has found that d 
orbitals of metal atoms play a major role in molecule adsorption 65 

on metal atom.40,54,55 Our results indicated that the change of d 
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orbital occupancy in M/Gd is smaller than that of M/Gp after CO 
and H2 adsorption. The strong adsorption of metal atom at defect 
point makes metal 3d electrons more localized. This reduces the 
number of electrons bonding with CO or H2. Therefore, CO and 
H2 are weakly adsorbed on M/Gd. 5 

Similar to perfect graphene, Fe/Gd, Co/Gd and Ni/Gd are the 
promising materials to remove CO from the H2 feed gas, with 
Co/Gd slightly favored. Furthermore, the average diffE∆ of M/Gd is 
~0.42 eV lower than that of M/Gp, suggesting that M/Gp would be 
more efficient than M/Gd for CO and H2 separation. 10 

 

 
Fig. 6 (Color online) The partial density of states (DOS) of CO and H2 

adsorption on Co/Gp and Co/Gd. For detail description, see Fig. 5.  

 15 

 
Fig. 7 (Color online) The partial density of states (DOS) of CO and H2 

adsorption on Ni/Gp and Ni/Gd. For detail description, see Fig. 5. 

 

 20 

 
Fig. 8 (Color online)The partial density of states (DOS) of single Fe (a), Co 

(b) and Ni (c) atom. 

3.4. The adsorption mechanism of CO/H2 on M/Gp and M/Gd 
(M= Fe, Co and Ni) 25 

According to the discussion above, it is seen that Fe, Co and Ni 
systems with large diffE∆  are more effective to remove CO from 
H2 feed gas. To further understand the mechanism of CO and H2 
adsorption on M/Gp and M/Gd (M= Fe, Co and Ni), we studied 
their electronic structures. The partial density of states of M/Gd 30 

(M= Fe, Co and Ni) are shown in Fig. 5-7, respectively. Since 
compared with Fe/Gp(d), the adsorption mechanism of CO and H2 
is the same as Co/Gp(d) and Ni/Gp(d), only the mechanism for 
Fe/Gp(d) is discussed. For M/Gp(d) (M= Fe, Co and Ni) without gas 
molecule adsorption (defined as iso. in Fig. 5-7), the five d 35 

orbitals of metal atoms split to three groups based on energy as 
( yzd and xzd ), ( xyd  and 2 2x y

d
− ), and 2z

d . Compared with the single 
metal atoms (Fig. 8), it is seen that all the orbitals of d band 
moves upwards and close to the Fermi level, particularly for 

yzd and xzd . This suggests that the graphene substrate enhances 40 

the adsorption of gas by increasing the d band, in agreement with 
d band center theory.54,55 

For perfect graphene, the calculated density of states of Fe/Gp 
indicated that only yzd and xzd  orbitals form bonding state (below 
Fermi level) and anti-bonding state at ~ 3.0 eV (above Fermi 45 

level) with carbon p orbitals. For other orbitals, only bonding 
state is obtained (Fig. 5a). Therefore, the main contribution to CO 
adsorption would come from yzd and xzd  orbitals. For H2 
adsorption, Fig. 5b shows clearly that only yzd  orbital form a 
clear bonding and anti-bonding states with the s orbital of H, 50 

suggesting that yzd
 
orbital is important in H2 adsorption. 

 For defect graphene, the clear bonding and anti-bonding states 
are observed for all d orbitals (Fig. 5), different from the case of 
perfect one. This demonstrated that metal atom has stronger 
interaction with defect graphene, in agreement with high 55 

adsorption energy of M/Gd compared with M/Gp (Fig. 2). For CO 
adsorption (Fig. 5c), yzd and xzd  orbitals have the largest energy 
gap between bonding and anti-bonding states. This means that 
these two orbitals are important for the dissociation of metal-
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carbon bond and make the largest contribution to CO adsorption. 
Similarly, for H2 adsorption on Fe/Gd (Fig. 5d), both yzd / xzd  and 
xyd / 2 2x y

d
−  orbitals are important for H2 adsorption, with the 

former slightly favored. 

4. Conclusions 5 

For 3d metal/perfect-graphene (M/Gp) and metal/defect-graphene 
(M/Gd) (M= Sc - Zn), very different behavior is observed for the 
adsorption of CO and H2. The two gas molecules interact more 
strongly with perfect graphene (M/Gp) compared with defect one 
(M/Gd). For both defect and perfect graphene, CO bonds more 10 

strongly with M/Gd(p), compared with H2. Fe, Co and Ni show 
high efficiency in separating CO from H2 feed gas. yzd  or/and 

xzd orbitals of the metal atoms are found to play a major role in 

CO and H2 adsorption. We expect that the obtained results are 
useful for removing CO from H2 feed gas and reduce or eliminate 15 

the CO poisoning on anode catalysts. 
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