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a b s t r a c t

In order to realize the sulfur and water resistance and facilitate the CO oxidation reactions, the effects

of strain on the adsorption of CO, O2, SO2 and H2O molecules on Ni single-atom-catalyst supported by

single-carbon-vacancy graphene (Ni-SG) have been studied based on first principles calculations. It shows

that the compressive strain increases the adsorption energies of all above mentioned molecules on Ni-SG,

where SO2 is adsorbed more strongly on Ni-SG than CO. However, in the presence of tensile strain, the

adsorption energies decreases significantly when the molecules (O2 and SO2) obtain electrons from Ni-

SG, while the adsorption energies just slightly decrease when the molecules (CO and H2O) lose electrons

to Ni-SG, which finally achieves the preferential adsorption of CO and O2 molecules on Ni-SG by tensile

strain. In addition, with tensile strain increasing to 10%, the rate-limited energy barrier along Eley-Rideal

(ER) path monotonically increases from 0.77 eV to 0.98 eV, while the rate-limited energy barrier along

Langmuir-Hinshelwood (LH) path monotonically decreases from 0.54 eV to 0.44 eV, indicating that the

tensile strain can facilitate the LH mechanism while imped the ER mechanism on Ni-SG. The Hirshfeld

charge and orbital levels of O2 and CO molecules are modulated by the tensile strain, which plays an im-

portant role for the decreasing of energy barriers for CO oxidation. Overall, the tensile strain can enhance

the sulfur and water resistance of Ni-SG, as well as boost the CO oxidation reactions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The carbon monoxide is a dangerous gas due to its colorless

and odorless, which can poison the human body imperceptibly

when the CO concentration exceeds 0.1% in our daily life. The CO

molecules in atmosphere mainly come from industrial waste gas

and vehicle emissions, where the most efficient way for the treat-

ment of CO is the catalytic oxidation of CO to CO2 [1–3]. Usually,

noble metals show high activity towards CO oxidation reactions

[4–8]. However, the noble metals are scarce in nature and need

high operating temperature to overcome the relatively large reac-

tion barrier for CO oxidation. To reduce the use of noble metals

and enhance their catalytic activity [9], noble metal nanoparticles

supported on suitable substrate are synthesized to lower the reac-

tion barriers for the CO oxidation [10,11]. When the nanoparticle

contains only one atom, the so-called single atom catalyst (SAC) is

formed [12–19], which exhibits excellent performance for the CO

oxidation.
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Two-dimensional materials have been studied for various ap-

plications as catalysts or supports [20–24]. Among varies sub-

strates for supporting the single metal atom, graphene [25] has

attracted much attention due to its outstanding structure stability

and large surface-to-volume ratio. Carbon vacancy is always cre-

ated to change the inert nature of pristine graphene and avoid

the clustering problems. Single metal atom supported on graphene

with single carbon vacancy (SG), such as Au- [26], Fe- [27], Cu-

[28], Pt- [29], Al- [30], Co- [31], Ni- [32,33] and Pd-SG [34] has

exhibited high catalytic reactivity during CO oxidation. However,

the SO2 and H2O molecules, which are often coexisted with CO

molecules, sometimes are adsorbed on these single metal atoms

too tightly, which impedes the adsorptions of O2 and CO molecules

as well as the subsequent CO oxidation progress. To lower the ad-

sorption energy of gas molecules and regulate their preferential

adsorption on metal SAC, double carbon vacancy is introduced into

graphene (DG) [35–38] and well water and sulfur resistance during

CO oxidation is obtained [37,38].

It is well known that strain is an effective method to change

the chemical bond strength between adsorbates and substrate as
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Fig. 1. (a) The atomic structure for Ni-SG, where the gray and blue balls represent C and Ni atoms. The directions for the applied strain and Hirshfeld charge are also given.

(b) PDOS of Ni and C atoms for Ni-SG, where the corresponding molecular orbitals are plotted. (c) The d-band center for Ni 3d orbital in the presence of different strain.

discussed for the pristine two-dimensional materials [39,40], but

the effect of strain on the interaction between the gas molecules

and single metal atom is more complicated because the bond

strength for the metal atom and substrate is also changed by the

strain [41–44]. Nickel is environmentally friendly and more abun-

dant in earth compared with the noble metals, and Ni-SG has

shown good performance during CO oxidation with relatively low

energy barrier of 0.59 eV [32] (0.63 eV [33]). However, the adsorp-

tion of the SO2 and H2O molecules as well as their impact on the

CO oxidation on Ni-SG is still lack.

In this work, we study the effect of strain on the competitive

adsorption of gas molecules and CO oxidation on Ni-SG through

first principles calculations to enhance the water and sulfur resis-

tance of Ni-SG. The charge transfer and electronic orbitals for the

molecule/Ni-SG system in the presence of different strain are fur-

ther analyzed to understand the corresponding mechanisms.

The density functional theory (DFT) calculations in this work

are mainly done by using Dmol3 code [45]. GGA with PBE

[46] functional is adopted for the exchange-correlation functional.

DSPPs are used for the core electrons and Grimme scheme [47] is

used to deal with the van der Waals forces. The convergence tol-

erance of energy is 10−5 Hartree, and the maximal allowed force

and displacement are 0.002 Hartree/Å and 0.005 Å, respectively.

LST/QST [48] and NEB [49] tools are used to investigate the reac-

tion pathway. 4×4 graphene supercell with vacuum width of 20 Å

above the graphene layer is used to minimize the interlayer inter-

action and the k-point is set to 5×5×1 for structure relaxations. A

finer k-point of 15×15×1 is used for the density of states (DOS)

calculations. The electron orbitals are calculated in CASTEP code

[50] with GGA-PBE functional, ultrasoft pseudopotentials and en-

ergy cutoff of 340 eV. The proper spin state for the Ni-SG system

with the smallest total energy is obtained through comparing the

total energy in different spin state.

The biaxial strain ε is applied by scaling the axial lattice con-

stant of the relaxed Ni-SG. The adsorption energy Ead for the

molecules on Ni-SG is determined by Eq. 1:

Ead = EM/Ni−SG − (ENi−SG + EM) (1)

where EM/Ni-SG, ENi-SG and EM are total energies of the molecule/Ni-

SG system, the isolate Ni-SG and an isolate molecule, respectively.

Before studying the molecule adsorption and CO oxidation

progress, the electronic and atomic structures for Ni-SG are first

studied in the following. After embedding Ni atom into the sin-

gle carbon vacancy, the structure of Ni-SG is reconstructed and

the relaxed structure is shown in Fig. 1a. The Ni atom moves out

of the plane to get more space due to its relatively large atomic

radius in single vacancy graphene [32,33]. The C–Ni bond length

lC–Ni is 1.80 Å, which is in good agreement with the reported re-

sult of 1.80 Å [32,33]. The binding energy of the Ni atom in single

vacancy graphene is −7.43 eV, which is similar to the literature re-

sults of −6.98 eV [32] (−7.57 eV [33]). To evaluate the clustering

possibility of Ni atom, the diffusion of Ni to its adjacent position

is studied in Fig. S1 (Supporting information), where the diffusion

barrier is 4.21 eV, indicating that Ni-SG is stable without cluster-

ing problem due to its much larger barrier than the critical barrier

Ecbar of 0.75 eV [51]. In the presence of strain, the binding energies

of Ni atom on Ni-SG are −7.50, −7.52, −7.88, −8.14, −8.30, −8.40

and −8.42 eV with ε = −2%, 0%, 2%, 4%, 6%, 8% and 10% respectively.

In addition, the diffusion barriers of Ni atom are 3.05, 4.21, 4.29,

4.40, 4.51, 4.59 and 4.63 eV with ε =−2%, 0%, 2%, 4%, 6%, 8% and

10% respectively. These results indicate that the tensile strain will

enhance the stability of Ni atom on Ni-SG.

The atomic charges obtained by Hirshfeld method near the

dopant are also given in Fig. 1a, where the Ni atom transfers elec-

tron of 0.200 e to graphene to form an electron-depletion posi-

tion. The strong interaction between the Ni atom and the nearby

C atoms can be further confirmed by the partial density of states

(PDOS) (Fig. 1b), where significant overlap for the Ni 3d and C 2p

orbital is found in the range of −3 eV to −6 eV, which is confirmed

by the charge density distributions in Fig. 1b. In addition, the Ni

3d orbital is mainly nonbinding above the energy level of −3 eV.

In the presence of different strain, the electronic bands are signifi-

cant upshift with strain increasing as shown in Fig. S2 (Supporting

information), which is confirmed by the fact that the d-band cen-

ter for Ni 3d orbital increases from −3.701 eV to −2.168 eV when

the strain increases from −2% to 10% as shown in Fig. 1c. In ad-

dition, the Hirshfeld charge for Ni atom decreases from 0.229 e to

0.125 e when the strain increases from −2% to 10% as shown in

Fig. S2, indicating that the charge transfer from Ni atom to defec-

tive graphene becomes less with the strain increasing. Therefore,

the strain can tune the charge distributions and orbital levels for
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Fig. 2. The adsorption configurations for (a) O2, (b) CO, (c) SO2 and (d) H2O molecules on Ni-SG, and the corresponding adsorption energies in the presence of different

strain are shown in panel (e).

Table 1

The adsorption energy Ead, Hirshfeld charge Q, and bond length l of O2, CO and SO2

molecules on Ni-SG in the presence of different strain.

Strain −2% 0 2% 4% 6% 8% 10%

Ead
(eV)

O2 −1.79 −1.68 −1.58 −1.48 −1.39 −1.30 −1.21

CO −1.31 −1.25 −1.19 −1.13 −1.11 −1.11 −1.11

SO2 −1.43 −1.30 −1.16 −1.02 −0.88 −0.74 −0.60

H2O −0.98 −0.94 −0.92 −0.89 −0.88 −0.87 −0.87

Q

(e)

O2 −0.260 −0.254 −0.236 −0.225 −0.208 −0.192 −0.173

CO 0.050 0.044 0.050 0.054 0.059 0.063 0.066

SO2 −0.167 −0.155 −0.143 −0.129 −0.112 −0.094 −0.076

H2O 0.184 0.183 0.177 0.173 0.171 0.169 0.169

l

(Å)

O2 1.385 1.383 1.380 1.377 1.369 1.362 1.352

CO 1.154 1.154 1.154 1.154 1.154 1.153 1.153

SO2 1.579 1.576 1.575 1.573 1.570 1.568 1.564

H2O 0.988 0.986 0.978 0.978 0.978 0.978 0.978

the single Ni atom on defective graphene substrate, which finally

tune the gas adsorption and catalytic properties.

The performance for the CO oxidation catalysts usually degen-

erates in the presence of sulfur dioxide or moisture due to the

adsorption of SO2 or H2O molecule [52,53]. Therefore, the inter-

actions between the gas molecules and the Ni-SG are important,

which determine the preferential adsorption of gas molecules on

the single metal atom catalyst. The most stable adsorption config-

urations for O2, CO, SO2 and H2O molecules on Ni-SG are shown

in Fig. 2. It can be seen that all the above molecules are chem-

ically adsorbed on the Ni-SG and the adsorption energies are

shown in Table 1, where the corresponding adsorption energies

are −1.68, −1.25, −1.30 and −0.94 eV for O2, CO, SO2 and H2O

molecules, respectively. The adsorption energy for H2O molecule

on Ni-SG is smaller than that for CO molecule. However, the ad-

sorption energy for SO2 molecule on Ni-SG is larger than that for

CO molecule. Therefore, the SO2 molecule may block the adsorp-

tion of CO molecule. It is well known that the strain is an efficient

method to tune the selective adsorption towards gas molecules.

Therefore, the adsorption behaviours for these molecules on Ni-SG

in the presence of different strain are then studied in the follow-

ing.

Generally speaking, the adsorption energies for the four kinds

of molecules on Ni-SG decrease with the increase of tensile strain,

where the adsorption energy for SO2 and O2 molecules decreases

more evidently, while the adsorption energy for CO and H2O

molecules decreases slightly as shown in Fig. 2e. For O2 molecule

adsorbed on Ni-SG, the adsorption energies are −1.79, −1.68,

−1.58, −1.48, −1.39, −1.30 and −1.21 eV when ε = −2%, 0%, 2%,

4%, 6%, 8% and 10%, respectively, where the energy difference is

0.47 eV with the tensile strain increasing from 0% to 10% as shown

in Table 1, indicating that the adsorption of O2 molecule on Ni-SG

is sensitive to the tensile strain. For SO2 molecule adsorbed on Ni-

SG, the adsorption energies are −1.43,−1.30, −1.16, −1.02, −0.88,

−0.74 and −0.60 eV when ε =−2%, 0%, 2%, 4%, 6%, 8% and 10%, re-

spectively, where the energy difference is 0.70 eV with the tensile

strain increasing from 0% to 10% as shown in Table 1, indicating

that the adsorption of SO2 on Ni-SG is even more sensitive to the

tensile strain than O2 molecule.

For CO molecule adsorbed on Ni-SG, the adsorption energies

are −1.31, −1.25, −1.19, −1.13 and −1.11 eV with ε = −2%, 0%, 2%,

4% and 6%, respectively, where the energy difference is 0.17 eV

with the tensile strain increasing from 0% to 6%. When the ten-

sile strain further increases, the adsorption energy no longer de-

creases, which is confirmed by the value of −1.11 eV with ε =8%

and 10%. For H2O molecule adsorbed on Ni-SG, the adsorption en-

ergies are −0.98, −0.94, −0.92, −0.89, −0.88 and −0.87 eV with

ε =−2%, 0%, 2%, 4%, 6% and 8%, respectively, where the energy dif-

ference is 0.08 eV with the tensile strain increasing from 0% to 8%.

When the tensile strain further increases, the adsorption energy

no longer decreases, which is confirmed by the value of −0.87 eV

with ε =10%. Therefore, the adsorptions of CO and H2O molecules

on Ni-SG are less sensitive to the tensile strain.

Based on the above discussions, the adsorptions of O2 and SO2

molecules on Ni-SG are more sensitive to the tensile strain, while

the adsorptions of CO and H2O molecules on Ni-SG are less sensi-

tive to the tensile strain. Interestingly, it is found that O2 and SO2

molecules obtain 0.254 and 0.155 e from Ni-SG, respectively, while

CO and H2O molecules lose 0.044 and 0.183 e to Ni-SG based on

Hirshfeld charge analysis, indicating that the charge transfer be-

tween gas molecules and Ni-SG may be a benchmark to estimate

the adsorption sensitivity of gas molecules on Ni-SG to the tensile

strain. In the presence of compressive strain, the adsorption ener-

gies of O2, CO, H2O and SO2 molecules are all increased, and the

adsorption energy of SO2 is larger than that of CO, indicating that

the compressive strain prevents the CO oxidation in the environ-

ment containing sulfur dioxide.

The PDOS are given in Fig. 3 to further understand the in-

teractions between the molecules and Ni-SG in the presence of

different strain. After the hybridization with the Ni atom, the

molecular orbitals become difficult to recognize, thus the PDOS

for molecule/Ni-SG system with different distance (hNi−M) between

the gas molecule and Ni atom is first studied as shown in Figs.

S3-S6 (Supporting information). For O2 molecule on Ni-SG, when

hNi-O2 is 3.5 Å (Fig. S3a), the interaction between O2 and Ni atom

is very weak and the O–O bond is 1.241 Å. When hNi-O2 is 2.5 Å

(Fig. S3c), the hybridization between O2 5σ /1π orbitals and Ni 3d
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Fig. 3. PDOS for the adsorbed (a) O2, (b) CO, (c) SO2 and (d) H2O molecules on Ni-SG in the presence of different strain.

orbital becomes obvious and more electron enters the empty O2

2π ∗ orbital near the Fermi level, where the O–O bond elongates to

1.280 Å (Fig. S3d). For the stable adsorption configuration (Fig. 3a

and Fig. S3e), the hybridization between the O2 5σ /1π orbitals and

Ni 3d orbital becomes more obvious and the O–O bond elongates

to 1.383 Å with adsorption energy of −1.58 eV. When ε =10%, the

hybridization between the O2 5σ /1π orbitals and Ni 3d orbital be-

comes weaker, causing lower adsorption energy of −1.00 eV.

Similar method is applied to the PDOS analysis for other

molecules on Ni-SG. For the CO molecule on Ni-SG (Fig. 3b), the

hybridization between the CO 5σ orbital and Ni 3d orbital be-

comes more obvious and the C–O bond elongates to 1.153 Å with

adsorption energy of −1.28 eV. When ε =10%, the hybridization be-

tween the CO 5σ orbital and Ni 3d orbital changes slightly, causing

only slightly lower adsorption energy of −1.11 eV. For SO2 molecule

on Ni-SG (Fig. 3c), the hybridization between SO2 4b2, SO2 7a1,

SO2 2b1, SO2 5b2, SO2 8a1 and SO2 1a2 orbitals and Ni 3d orbital

becomes more obvious and the S–O bond elongates to 1.578 Å with

adsorption energy of −1.30 eV. When ε =10%, the hybridization be-

tween the above orbitals of SO2 and Ni 3d orbital becomes evi-

dently weaker, causing much lower adsorption energy of −0.60 eV.

For H2O molecule on Ni-SG (Fig. 3d), the hybridization between

the H2O 1b1/3a1 orbitals and Ni 3d orbital becomes more obvious

and the O–H bond slightly elongates to 0.979 Å with adsorption

energy of −0.95 eV. When ε =10%, the hybridization between the

H2O 1b1/3a1 orbitals and Ni 3d orbital is similar to that without

strain, causing only slightly lower adsorption energy of −0.87 eV.

Two classical reaction mechanisms have been established for

the CO oxidation: LH mechanism and ER mechanism [26–34]. If

the dissociation barrier of O2 molecule on Ni-SG is small, the LH

mechanism can not happen due to the fact that the Ni site will

be occupied by the two dissociated O atoms and the CO molecule

can not adsorb on the Ni site. Therefore, the dissociation of O2 on

Ni-G is studied in Fig. S8 (Supporting information), where the dis-

sociation barrier is 2.02 eV. In the presence of strain, the dissocia-

tion barriers are 2.04, 2.02, 1.99, 1.89, 1.77, 1.75 and 1.69 eV with

ε = −2%, 0%, 2%, 4%, 6%, 8% and 10% respectively, which are much

larger than the critical barrier Ecbar of 0.75 eV [51]. Therefore, the

O2 molecule will keep molecular state on Ni-SG.

In order to search the preferred reaction path on Ni-SG, the

initial reaction step along both ER and LH mechanisms is stud-

ied in Fig. S8 (Supporting information), where the energy barrier

for the first step along ER path is 0.77 eV (Fig. S8a). However, the

energy barrier is only 0.04 eV for the co-adsorption of CO and O2

molecules (Fig. S8b), indicating a smooth progress due to its much

lower barrier than the critical barrier Ecbar of 0.75 eV [51]. The ef-

fects of strain on the above two reactions on Ni-SG are further

studied as shown in Fig. S8c. The reaction barrier of the first step

along ER path increases from 0.72 eV to 0.98 eV with ε increasing

from −2% to 10% as shown in the left panel of Fig. S8c, indicating

that the tensile strain makes the CO oxidation along ER path more

difficult to happen. Meanwhile, the barrier for the adsorption of CO

molecule on Ni-SG with pre-adsorbed O2 molecule keeps almost

constant as shown in the right of Fig. S8c, indicating that the co-

adsorption of CO and O2 molecule is priority even in the presence

of tensile strain. Thus the LH mechanism is mainly studied for the

CO oxidation in the following.

For CO oxidation on Ni-SG along LH path, the configuration

with CO and O2 molecules co-adsorbed on Ni-SG is taken as the

reactant (IS in Fig. 4a). At transition state TS1, one O–Ni bond is

broken. After overcoming an energy barrier of 0.54 eV, an OOCO in-

termediate (MS1 in Fig. 4a) is formed. Then the first CO2 molecule

(MS2) is formed on Ni-SG after overcoming an energy barrier of

0.51 eV (Fig. 4a), where the CO2 is physically adsorbed on Ni-

SG and its adsorption energy is −0.20 eV. The reaction for this

step can release a heat of 2.65 eV, which can sufficiently over-

come the adsorption energy of CO2, and the first produced CO2

molecule would desorb from the Ni-SG efficiently. The subsequent

CO molecule reacts with the remaining O atom to produce CO2

after surmounting an energy barrier of 0.37 eV as shown in Fig.

4b.The reaction for this step releases a heat of 1.73 eV, which can

also surmount the adsorption energy of CO2 (−0.27 eV) on Ni-SG,

and the second CO2 molecule desorbs from Ni-SG efficiently. The

rate limiting step is the formation of OOCO intermediate with en-

ergy barrier of 0.54 eV. In addition, the CO oxidation reaction along

the LH mechanism releases 0.26, 2.65, and 1.73 eV for steps 1–3,

respectively, which indicates moderate thermodynamics for the CO

oxidation on Ni-SG.
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Fig. 4. The formation of the first CO2 molecule (a) and the second CO2 molecule

(b) for the CO oxidation reaction on Ni-SG along LH mechanism. (c) The reaction

barriers for CO oxidation on Ni-SG in the presence of different strain.

The effects of tensile strain on the CO oxidation reaction along

LH path on Ni-SG are further studied as shown in Fig. 4c. The re-

action barrier of the first step decreases from 0.58 eV to 0.44 eV

with ε increasing from −2% to 10% as shown in the left panel of

Fig. 4c. For the second step, the reaction barrier decreases from

0.54 eV to 0.28 eV with ε increasing from −2% to 10% as shown in

the middle panel of Fig. 4c. For the third step, the reaction barrier

decreases from 0.38 eV to 0.25 eV with ε increasing from −2% to

10% as shown in the right panel of Fig. 4c. The above results show

that the tensile strain promotes the CO oxidation on Ni-SG along

LH path. Therefore, the tensile strain makes the Ni-SG possess bet-

ter catalytic performance during CO oxidation.

The Hirshfeld charge and electronic orbital are analysed to fur-

ther reveal the origin of the high efficiency for the CO oxidation on

Ni-SG along the LH path in the presence of tensile strain. The Hir-

shfeld charge for IS is shown in Fig. 4a, where the atomic charge

for O2 molecule is −0.202 and −0.156 e when ε =0% and ε =10%,

respectively, indicating that the charge transfer from Ni-SG to O2

molecule becomes less with the tensile strain increasing. Mean-

while, the atomic charge of CO molecule is 0.153 and 0.145 e when

ε =0% and ε =10% as shown in Fig. 4a, respectively, indicating that

the charge transfer from CO to Ni-SG is less affected by the tensile

strain. Therefore, the absolute values for charge transfer of O2 and

CO on Ni-SG are nearly the same when ε =10%. The PDOS as well

as the molecular orbital for the adsorbed O2 and CO molecules in

IS state along LH path in different strain is shown in Fig. 5. Com-

pared with Fig. 5a, it is found that the energy levels for 5σ CO and

1πCO orbitals are upshift, which makes 5σ CO/1πCO and 5σO2/1πO2

orbitals closer to each other as shown in Fig. 5b. In addition, the

5σ CO and 1πO2 orbitals are even in the same energy levels as

shown in inset of Fig. 5b, which finally facilitates the formation

of new molecular orbital on Ni-SG and lower the reaction barrier

for the formation of OCOO intermediate.

In summary, the adsorption of CO, O2, SO2 and H2O molecules

on Ni-SG in the presence of different strain has been studied by us-

ing DFT calculations. The tensile strain makes Ni atom less attrac-

tive towards all above molecules, where the adsorption energy for

Fig. 5. The PDOS for Ni atom and adsorbed O2 and CO molecules in IS state along

LH pathway (a) without strain and (b) in the presence of 10% strain. Insets are the

corresponding molecular orbitals.

SO2 decreases most significantly, which finally achieves the sulfur

and water resistance for Ni-SG. In addition, the tensile strain facil-

itates the CO oxidation on Ni-SG along LH mechanism. The Hirsh-

feld charge and orbital levels of O2 and CO molecules are tuned by

the tensile strain, which plays an important role for the CO oxida-

tion. Overall, the tensile strain can enhance the sulfur and humid-

ity resistance of Ni-SG as well as boost the performance towards

CO oxidation on Ni-SG.
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