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A B S T R A C T

The catalytic activation of O2 on nickel nanoclusters doped upon diff ;erent functionalized graphene substrates
(monovacancy as well as one, two and three pyridinic nitrogen decorated) was investigated through the density
functional theory calculation. We can observed the adsorption characteristics and the catalytic activation of O2

on catalysts is related to the support effect of diff ;erent functionalized graphene supports. The charge of Ni
aotms has a good correlation with the adsorption energy of O2 on Nin clusters with different graphene-based
support. The electron mainly transferred from the Ni clusters to the O2, and the graphene-based substrates plays
a minor role in the electron transfer process. In addition, the Transition State Scaling are suitable for O2 dis-
sociation reaction, and Transition State Scaling verify the accuracy of the O2 dissociation reaction calculation.
Furthermore, in accordance with the energy barrier and the thermodynamic analysis of O2 activation reaction,
the Ni3 clusters catalyst anchored single vacancy graphene decorated with three nitrogen atoms may be the most
promising catalyst for O2 activation reaction. At the same time, this research will cast insight into activation
reaction mechanism of O2 on metal nanoclusters catalysts and lay the foundation for the investigation of metal
nanoclusters catalysts for the activation reaction of O2.

1. Introduction

The fuel cell eliminates the step of converting chemical energy into
thermodynamic energy and directly converts it into electrical energy
[1,2], which reduced energy loss and improves conversion efficiency.
Fuel cell has become a research hotspot with its unique high energy
conversion rate, low pollution, no noise and high efficiency. At the
anode, the fuel (hydrogen, methanol, etc.) is oxidized, releasing elec-
trons and generating H+ ions; at the cathode, oxygen and the H+ ions
in the electrolyte absorb electrons from the external circuit to form
water [3]. However, the rate of reaction of the redox reaction (ORR) is
very slow, and the reaction rate must be increased by adding a corre-
sponding catalyst. The Pt/C system is the current mainstream catalyst
of ORR [4]. Whereas, high costs [5], slow kinetics of the catalyst [6],
and lack of tolerance for fuel crossovers [7] prevent it from continuing
to commercialize. Therefore, understanding the ORR reaction me-
chanism has a great significance for the development of high perfor-
mance ORR catalysts. The rate of oxygen reduction reaction is very
small, which indicated that increasing the reaction rate of the cathode is

the top priorityto increase the redox reaction rate. The oxygen cata-
lyzed dissociation is a significant procedure and a standard to indicate
the activation capacity of the ORR reaction [8]. So the paper focuses on
high activity catalysts of O2 dissociation process.

Graphene is a promising metal-free ORR catalyst with its unique
two-dimensional hexagonal honeycomb structure, superior thermal
conductivity, superior electrical conductivity and huge specific surface
area [9–12]. Yan [13] et al. compared the O2 activation reaction of
graphene and nitrogen doped graphene, and found that nitrogen doped
graphene can strengthen the adsorption energy of O2 and decrease the
energy barrier of O2. Li [14] et al. investigated The effect of sulfur-
doped graphene on oxygen activation teaction. It is found that S-doped
graphene inhibits oxygen adsorption and significantly decreases dis-
sociation barriers of the O2 molecules. Tang [15] et al. calculated the
oxygen activation reaction on different BN clusters and found that the
energy barrier of O2 on the N-terminated triangular BN (t-BN) cluster is
less than O2 on the t-BN with B edge and quadrangular BN (q-BN).

Nowadays, non-precious transition metal carbon catalysts has been
also studied as a catalyst for ORR. Gao [16] et al. investigated the
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oxygen activation reaction on Fe/graphene-based substrates, and found
that iron atom with single vacancy graphene anchored three N atoms is
a promising catalyst for oxygen activation reaction. Zhang [17] et al.
investigated the adsorption of oxygen on the au/graphene catalyst with

an applied electric field, and found that the adsorption of oxygen on the
catalyst is enhanced and the oxygen-oxygen bond is also elongated
under a negative power plant. Liu [18] et al. have shown the oxygen
dissociation reaction at the Pt/graphene-based substrates and Pt4

Fig. 1. The geometry structures (the top view) of Nin@SV-GS catalysts.

Table 1
The structural and energetic parameters for the most stable adsorbed geometries of Nin@SV-GS catalysts.

Nin@SV-GS Eb(eV)a h(Å)b Δq(e)c dNi-Ni(Å)d EC(eV)e EC/GM(eV)f

Ni@SV-GN −6.65(-6.69 [40]) 1.28 +0.50 / −4.44 −6.69
Ni@SV-N1 −5.34(-5.36 [40]) 1.27 +0.60 / −4.44 −5.36
Ni@SV-N12 −5.05(-5.00 [40]) 1.40 +0.70 / −4.44 −5.00
Ni@SV-N123 −4.52(-5.09 [45]) 1.38 +0.77 / −4.44 −4.32
Ni2@SV-GN −8.04(-8.05 [40]) 1.20 +0.91 2.40(2.34 [44]) −1.42 −5.44
Ni2@SV-N1 −5.84(-5.84 [40]) 1.24 +1.02 2.51 −1.42 −4.34
Ni2@SV-N12 −4.88(-4.88 [40]) 1.42 +0.71 2.22 −1.42 −3.86
Ni2@SV-N123 −3.66(-4.44 [45]) 1.40 +0.76 2.32 −1.42 −3.25
Ni3@SV-GN −6.62(-6.63 [40]) 1.41 +0.55 2.25(2.33 [44]) −1.84 −4.05
Ni3@SV-N1 −5.13(-5.17 [40]) 1.36 +0.64 2.27 −1.84 −3.56
Ni3@SV-N12 −5.17(-5.17 [40]) 1.45 +0.71 2.26 −1.84 −3.56
Ni3@SV-N123 −4.22(-5.22 [45]) 1.48 +0.58 2.24 −1.84 −3.25
Ni4@SV-GN −6.95(-6.98 [40]) 1.46 +0.79 2.35(2.36 [44]) −2.15 −3.89
Ni4@SV-N1 −5.69(-5.75 [40]) 1.51 +0.87 2.34 −2.15 −3.58
Ni4@SV-N12 −5.45(-5.56 [40]) 1.44 +0.92 2.35 −2.15 −3.54
Ni4@SV-N123 −4.44(-5.74 [45]) 1.48 +0.63 2.29 −2.15 −3.25

a The binding energies of Ni @SV-GSn catalysts, calculated from Eq. (1).
b The changing altitude of Ni clusters over substances. (The changing altitude of the Ni clusters was defined as the vertical distance from the center of bottom Ni

atom to the substrates).
c After geometry optimization, the electron gain and loss of Ni clusters. (“+” was on behalf of electronic outflow and “-” means electronic inflow).
d After geometry optimization, the average Ni-Ni bond length of each Ni clusters.
e The cohesive energy of gas-phase, calculated from Eq. (6).
f The cohesive energy of graphene-based Ni clusters, calculated from Eq. (7).
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clusters/graphene-based substrates, and it is found that the loss elec-
trons of Pt/Pt4 clusters have a great effect on the energy barrier of O2

dissociation reaction and the energy barriers of O2 dissociation reaction
on Pt4/GS are much smaller than O2 dissociation reaction on Pt/GS.
However, the Pt is a noble metal, which leads to high manufacturing
costs for this catalyst. Therefore, finding an inexpensive transition
metal to replace expensive Pt is the focus of this paper. Ni atom are the
same group as Pt atoms, chemically similar, and Ni is a non-noble metal
atom. Previous studies have investigated the activation of molecules in
Ni or related Ni-systems. Millet [19] et al. have study the activation of
CO2 on the Ni Single Atom Catalysts, and found that Ni single atom
catalysts promotes the activation of CO2. Fiedler [20] et al. studied the
activation of O2 on the Mn, Co, Ni metal centers and enzymatic en-
vironments. But the oxygen activation reaction on Ni clusters has never
studied. So Ni clusters/ graphene-based substrates are used as catalysts
to study the oxygen dissociation reaction. In addition, previous re-
searches have been discovered that graphene with single absence in-
creases itself stability [21,22]. The N-doped graphene increases the
reactivity by creating local active sites in the graphite lattice [23,24].

So the graphene with single vacancy and doping nitrogen are chosen as
the functionalized graphene substrates, and the Nin clusters doped the
functionalized graphene substrates are denoted
asNi @SV-GNn ,Ni @SV-N1n ,Ni @SV-N12n andNi @SV-N123n , respectively.

In this work, we investigated the activation of oxygen molecule on
Nin cluster/ functionalized graphene substrates (Ni @SV-GSn , n= 1, 2, 3
and 4) by performing density functional theory (DFT). Firstly, the op-
timized configurations of Ni @SV-GSn catalyst and the optimal adsorp-
tion configurations of O2 molecule on Ni @SV-GSn catalysts were opti-
mized. Secondly, the correlation between the adsorption energy of O2

and the charge of Ni atom was analyzed, and the electron transfer
mechanism of O2 on Ni @SV-GSn was proposed to interpret who gets the
electron and who loses the electron. Thirdly, the DOS analysis and
magnetic properties analysis were performed to investigate the inter-
action between the catalyst and the oxygen molecule. Then, the energy
barriers of O2 activation reaction was proposed to analyze the catalytic
performance of Ni @SV-GSn catalysts on O2 dissociation. Finally, the
thermodynamic analysis have been calculated to analyze the influence
of temperature about O2 activation reaction. This work can provide a

Fig. 2. The optimized configuration (the top view) of oxygen adsorbed on the Ni @SV-GSn catalysts.
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new idea on develop the efficient catalysts about O2 activation.

2. Method

Vienna ab initio simulation package software (VASP 5.4.4) was used
to perform DFT calculations, with the consideration of spin-polarized
effect [25–27]. The method of Perdew-Burke-Ernzerhof (PBE) [28,29]
was selected for calculations, combined with the potential of the pro-
jector augmented wave (PAW), to increase the accuracy of the calcu-
lation. In addition, The Perdew-Burke-Ernzerhof (PBE) could be well
illustrated the exchange-correlation interactions of electron [30]. Si-
milar to previous calculation results [31–34], a 4 × 4 single layer
graphene was selected as the support, and this support is a periodic
boundary model. The distance about the two adjacent monolayers was
set to 15 Å, which was prevented mutual influence about mirror images.
Moreover, the lattice parameters of graphene was calculated about
2.48 Å, which is the same as the earlier theoretical and experimental

studies [35,36].
Taking into account computing resource and referring to our pre-

vious research [37–42], the cut off energy for all geometric optimiza-
tion calculation was set about 500 eV. The Gaussian smearing width
was set at 0.05 eV level to characterize the electronic occupation. All
atoms were achieved fully relax on structural optimization works, and
the force threshold of atoms cannot exceed 0.02 eV/Å, with a 7 × 7 × 1
Γ-centered k-point grid. Denser k-point grid (15 × 15 × 1) was used to
calculate the self-consistent field, to further calculate the total energy
and the electronic characteristic of the system. For the structure opti-
mization and the electronic self-consistent iteration calculation, the
convergence precision criterion was taken to be 10−5 eV. In addition,
the ISPIN was set about 2, which indicated that the calculation was
considered spin polarization.

The climbing images nudged elastic band (CI-NEB) was used to hunt
for the transition states, which insert eight images between the original
structure and eventual structure. The vibration frequency was carried
out with limited modification of ± 0.02 Å in distance changes, which
was utilized to verify accuracy of each transition state structure [16]. In
addition, in order to obtain the accurate system energy, the zero point
correction is calculated. The most stable optimized structure has no
virtual frequency, but there is only one virtual frequency for the tran-
sition state of the reaction.

The binding energy (Eb) of Ni @SV-GSn (n= 1–4) catalysts could be
acquired from Eq. (1).

= +E E E Eb sur Ni sur Nin n (1)

Where +Esur Nin, Esurand ENinrepresent the ground-state energy of Nin
cluster catalysts, graphene-based supports and nickel clusters, respec-
tively.

The adsorption energy (Eads) of O2 on Ni @SV-GSn (n= 1–4) cata-
lysts were computed to characterize the adsorption strength about the
adsorbent and the adsorbate, which were computed as following Eq.
(2).

= +E E E Gads tot sur Ni O (g)n 2 (2)

Where Etot, +Esur Ninand GO (g)2 represent the ground-state energy of the
total adsorption system, the ground-state energy Ni cluster catalysts and
the Gibbs free energy of oxygen molecule, respectively. We found from
the Eq. (2), the farther the values of Eadsfrom zero, the stronger ad-
sorption strength of catalysts.

The Gibbs free energy of oxygen molecule were calculated ac-
cording to Eq. (3).

= + ×G G G2 2 4 1.23evO (g) H O(1) H (g)2 2 2 (3)

Where GH O(1)2 and GH (g)2 represent the Gibbs free energy of water and
hydrogen molecule, respectively.

The Gibbs free energy of gases and solid subjects can be calculated
from the Eqs. (4) and (5):

= + +G T E T TS( ) ZPE Rgas ele (4)

= +G T E TS( ) ZPE-solid ele (5)

Where Eele and ZPE mean the energy of the whole system and the zero
correction energy; S represents the entropy of the system. The ZPE and
S are obtained by the frequency calculation.

The cohesive energy for both gas-phase (EC) and graphene-based Ni
clusters (EC/GM) were calculated according to Eqs. (6) and (7).

=E E nE n( )/C Ni Nin (6)

=E E E nE n( )/C/GM Ni /GM GM Nin (7)

Where ENin,ENi,ENi /GMn ,EGM and n represent the energy of Ni cluster, Ni
atom, Ni cluster catalysts, graphene-based supports and the number of
Ni atoms in Ni cluster, respectively.

The energy barrier (Ebar), the activation energy (Ea) and the reaction
heat ( E) were computed to describe the catalytic activity of Nin cluster

Table 2
The structural and electronic parameters for O2 adsorbed on Nin@SV-GS cata-
lyst.

Nin@SV-GS Eads(eV)a do-o(Å)b dNi-Ni(Å)c Δh(Å)d q1(e)e

Ni@SV-GN −1.62 1.35 \ +0.15 9.22
Ni@SV-N1 −1.90 1.37 \ +0.09 9.11
Ni@SV-N12 −2.16 1.41 \ −0.05 8.99
Ni@SV-N123 −2.48 1.37 \ +0.09 9.00
Ni2@SV-GN −1.46 1.34 2.44 +0.13 9.21
Ni2@SV-N1 −2.19 1.35 2.53 +0.04 9.15
Ni2@SV-N12 −2.71 1.43 2.23 −0.01 9.15
Ni2@SV-N123 −3.16 1.42 2.23 −0.03 9.12
Ni3@SV-GN −2.55 1.41 2.38 −0.03 9.60
Ni3@SV-N1 −2.52 1.41 2.32 −0.04 9.55
Ni3@SV-N12 −2.60 1.43 2.34 −0.01 9.59
Ni3@SV-N123 −2.01 1.42 2.32 +0.00 9.40
Ni4@SV-GN −2.73 1.41 2.45 +0.04 9.57
Ni4@SV-N1 −2.55 1.43 2.38 −0.02 9.50
Ni4@SV-N12 −2.37 1.42 2.39 −0.00 9.46
Ni4@SV-N123 −2.44 1.43 2.33 −0.01 9.43

a The adsorption energy of O2 on different nickel nanocluster catalysts,
calculated from Eq. (2).

b After O2 adsorbed on nickel nanocluster catalysts, the bond length of
oxygen molecules.

c After O2 adsorbed on nickel nanocluster catalysts, the average Ni-Ni bond
length of each Ni clusters.

d The variation of adsorption height of Nin clusters. (The variation of ad-
sorption height of Nin clusters was defined as the change in height of Nin
clusters after oxygen adsorption and before oxygen adsorption).

e After O2 adsorbed on nickel nanocluster catalysts, the charge of Ni atom
anchored on the vacancy of graphene substrate.

Fig. 3. The histogram of O2 adsorption energies over differ-
entNi @SV-GSn catalysts.
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Fig. 4. The linear relationship and the correlation coefficient between the adsorption energies of O2 on theNi @SV-GSn as well as the amount of charge carried by the
nickel clusters.

Fig. 5. The line chart of the electron transfer of O2, Ni clusters and graphene-based substrates (Δq-O2, Δ q-Ni Cluster and Δ q-sub represent the electron transfer of O2,
Ni clusters and graphene-based substrates, respectively).
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catalyst, which were calculated according to Eqs. (8) and (9).

= =E E E Ebar a TS IS (8)

=E E EFS IS (9)

WhereEIS, ETSand EFSrepresent the initial states energy, transition states
energy and the final states energy, respectively.

Furthermore, in order to get accurate values ofEb, Eadsand Ebar, the
zero point energy correction is performed [43].

3. Result and discussion

3.1. Research model

According to the first part of this paper, sixteen kinds of functio-
nalized graphene substrates with single vacancies and nitrogen atoms
decorated were selected as the catalysts construction, and the optimized
configuration of catalysts are shown in Fig. 1. The structural and en-
ergetic parameters for the most stable adsorbed geometries of
Ni @SV-GSn catalyst are shown in Table 1. According to the Fig. 1(a)
and (e), the most stable geometric structures of Ni@SV-GN and Ni2@
SV-GN are similar. In fact, they are totally different. Fig. 1 is a top view,
and we can find that the geometric structure of Ni2@SV-GN is two Ni
atoms locating on the upper and lower sides of the graphene, as shown
in Fig. S1. Similarly, the same is true for Fig. 1(b) and (f).

The catalysts of Ni cluster on the graphene with single vacancy
decorated nitrogen atoms have been widely studied in the previous
researches. Xu [44] et al. studied Nin clusters on the single vacancy
graphene (Nin@SV-GN), and the mean length value of Ni-Ni bond of
each nickel clusters in this paper is very close to that calculated by Xu.
Gao [40] et al. investigated Nin clusters on the single vacancy graphene
decorated nitrogen atoms (Ni @SV-GSn ), and the Eb calculated by Gao is

much close to the calculation results, which proves the correctness of
this calculation. Zhou [45] et al. calculated the Eb of Nin@SV-N123. But
the values vary greatly to our results (almost 0.77˜1.30 eV difference),
which may be related to the differences in calculation software and
parameter selection Ni @SV-GSn Ni @SV-GSn The average length of
carbon-carbon bond is 1.42 Å, which is similar to the previous calcu-
lation results. (dC-C = 1.42 Å) [46].

In addition, in order to verify the stability of the Ni metal clusters,
the cohesive energy for both gas-phase (EC) and graphene-based Ni
clusters (EC/GM) were calculated, as shown in Table 1. It can be found
that the cohesive energy of graphene-based Ni clusters (EC/GM) is
greater than the cohesive energy of gas-phase (EC). That is to say, the Ni
atom is more willing to bind to the Ni cluster in which it is located,
rather than the Ni cluster around it. It is indicated that the
Ni @SV-GSn catalysts are very stable and the Ni atoms of the
Ni @SV-GSn catalysts do not cohere together. This verifies the accuracy
of the calculated catalyst configuration. So the optimized catalyst
models and the calculated structural parameters are accurate.

3.2. Adsorption of O2 molecule on Nin@SV-GS

There are mainly two types of adsorption configurations for oxygen
adsorption, side-on and end-on. The side-on is the OeO bonds parallel
to the graphene-based substrates or the Ni-Ni bonds, the end-on is the
OeO bonds vertical to the graphene-based substrates and only one
oxygen atom correcting to the Ni metal atoms. The side-on and the end-
on adsorption configuration of Ni @SV-GSn (n= 1, 2, 3 and 4) ad-
sorbing oxygen molecule are calculated. We screen out the optimal
adsorption configuration, as shown in Fig. 2. It can be found from Fig. 2
that the optimal adsorption configuration of oxygen is the same, which
prefers the OeO bonds paralleling to the graphene-based substrates or
the Ni-Ni bonds (the side-on configulation). The structural and en-
ergetic parameters for the most stable adsorbed geometries of O2 on
Nin@SV-GS catalysts are listed in Table 2.

The sixteen catalyst configurations listed in Fig. 1 were discussed to
analyze the support effects. The structural and energetic parameters
were used to analyze the support effects, and the histogram of the ad-
sorption energy of these 16 configurations for oxygen is plotted in
Fig. 3. The adsorption energies for oxygen molecules on different gra-
phene-based substrates are significantly different from Fig. 3, while
there are no obvious relationship between those Eads. Although the

Table 3
The magnetic moment of O2 on the Nin@SV-GS catalysts.

M(μB) sv sv-n sv-n2 sv-n3

ni 1.61 −0.49 0.00 1.00
ni2 1.08 −0.80 0.00 0.80
ni3 2.00 1.00 2.00 5.00
ni4 2.00 1.02 2.48 5.00

Fig. 6. The spin density of the O2 adsorbed on the Nin/SV-GS. (The contour lines in plots are drawn at 0.02e/Å3intervals).
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adsorption energy is not very regular, it still suggests that the adsorp-
tion energy of oxygen for different graphene-based substrates is dif-
ferent, thus verifying the support effect. Therefore, this paper will
further study the reason why the adsorption energy is so irregular.

In the research of Liu [18], the correlation between the Eads of O2

and the charge of Pt atom was discussed. They found that there is an
obvious positive correlation between the Eads of O2 and the charge of
platinum atom, and the charge of platinum atoms is a main influencing
factor for the Eads of O2. So the relevance between the Eads of O2 on the

graphene-based supports and the charge of Ni atom anchored on the
vacancy of graphene substrate (Ni atom pointed by red arrow in Fig. 2)
was discussed, and the intersecting line and R2 of the related line are
plotted in Fig. 4. It can be found that a strong linear relationship be-
tween the Eads of O2 on Ni @SV-GSn catalysts and the charge of Ni atom,
and R2 are 0.86, 0.93, 0.96 and 0.89 respectively. It is indicated that the
charge of Ni atom anchored on the vacancy of graphene substrate seems
to be a descriptor of the adsorption energy of O2. In summary, it ex-
plains why the adsorption energy is so irregular.

Fig. 7. Schematic energy profiles of the oxygen dissociation reaction..
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In order to find the mechanism of oxygen adsorption on catalysts,
the Bader charge analysis is performed. So the electron transfer of O2,
Ni clusters and graphene-based substrates before and after oxygen ad-
sorption were calculated, and the detailed data are provided in Table
S1. A line chart of the charge transfer situation for each part of those
sixteen system are plotted in Fig. 5. It can be found that graphene-based
substrates always transport electrons outward but oxygen molecule
receive electrons inward all the time, from the Fig. 5. When O2 was
adsorbed on Ni@SV-GS, O2 played the role of electrons acceptor, and Ni

atoms as well as the functional graphene supports played the role of
electron donor. However, the electron loss of the functional graphene is
an order of magnitude less than Ni clusters, when O2 adsorbed on
Ni @SV-GSn (n= 2, 3 and4). Particularly, the number of electron loss of
graphene-based substrates on Ni @SV-GN3 is 0.007e, which only ac-
counted for less than 1% of the electron loss of Ni clusters (0.721e). So
the electron loss of graphene-based substrates can be ignored and Ni
clusters act as the electron donor. It is obvious that the electron mainly
transfer from the Ni clusters to the O2, and the graphene-based

Fig. 7. (continued)
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substrates plays a minor role in the electron transfer process.

3.3. DOS and magnetic properties analysis

In order to further investigate the interaction between the catalyst
and the oxygen molecule, the DOS analysis and magnetic properties
analysis were performed. The partial density of states (PDOS) can
provide an electronic state in an orbit of an atom in the system. So the
PDOS of oxygen molecule adsorbed on catalysts was drawn in Fig. S2,
and the magnetic moment of the O2 on catalysts was calculated, as
shown in Table 3.

From the Fig. S2, the p orbit of O atom and the d orbit of Ni atom in
the total adsorption system were drawn, and the p orbit of O atom
before and after adsorption were drawn too. It can be found that the p
orbit sharp peaks of O atom is -0.23 eV before the oxygen adsorbed on
the catalyst. And the p state of O atom is shifted down to a low energy
level when oxygen is adsorbed on the catalyst. It is indicated that
oxygen interacts with the catalyst when oxygen is adsorbed on the
catalyst. This is consistent with the results of the above Bader charge
analysis.

According to the magnetic moment of each catalytic system
(Table 3), it can be found that the magnetic moments of Ni/SV-N1 and
Ni2/SV-N1 are negative, and the magnetic moments of Ni/SV-N12 and
Ni2/SV-N12 are zero, except that the others are positive. In order to
verify the accuracy of the calculated magnetic moment, the spin density

of the O2 adsorbed on the Nin/SV-GS is plotted, as shown in Fig. 6. From
the Fig. 6, the yellow represents spin up and the cyan represents spin
down. The O2 of Ni/SV-N1 and Ni2/SV-N1 are surrounded by cyan color
which show the oxygen molecule is spin down, thus proves that the
magnetic moment is negative. The O2 of Ni/SV-N12 and Ni2/SV-N12
are neither surrounded by yellow nor surrounded by cyan which show
the oxygen molecule have no spin, thus proves that the magnetic mo-
ment is zero. Except that the others are surrounded by yellow color
which show the oxygen molecule is spin up, thus proves that the
magnetic moment is positive. In addition, the spin up and spin down of
PDOS is same from Fig. S2 (c) and (g), which indicated that the system
of O2 on Ni/SV-N12 and Ni2/SV-N12 have no spin. Thus proving the
accuracy of the calculated magnetic moment. According to the Bader
charge analysis and DOS analysis, when the Ni cluster is doped on the
graphene to form a catalyst, the Ni cluster will gain electrons from the
graphene. The d orbital of Ni atom will gain electrons. Oxygen molecule
has the half-filled 2π* orbitals, which is an antibonding molecular or-
bital. When oxygen is adsorbed on the Nin@SV-GS catalyst, the electron
of Ni cluster gained from the graphene will transfer to oxygen molecule,
which will occupy the antibonding molecular orbital of oxygen mole-
cule. It will cause the bond length of oxygen to be lengthened. The bond
lengths of oxygen are listed in Table S1, which ranges from 1.35 Å
to1.43 Å. Comparing with the free oxygen (1.21 Å), the bond length of
oxygen is lengthened. It is indicated that O2 is already activated. In
addition, the Nin@SV-GS catalysts has a certain catalytic effect on the
activation of oxygen molecule.

3.4. Catalytic activation of O2 activation

In order to research the catalytic activity of these sixteen catalysts
(Nin@SV-GS) for oxygen activation, we applied the CI-NEB method to
search for transition states in each reaction path of oxygen catalytic
activity. The optimal adsorption configuration calculated in Section 3.2
is taken as the initial configuration, and the oxygen-oxygen bond of the
initial configuration is elongated and optimized to obtain the final
configuration. By performing CI-NEB calculations between the initial
configuration and the final configuration, we can derive the transition
states and the process of the entire dissociation reaction. The geometry
and parameters of each dissociation process were plotted in Fig. 7. The
line chart of oxygen reaction energy barrier is poltted on Fig. 8, and it
can be found that the reaction barriers of oxygen on Nin@SV-GS de-
crease as the amount of the number of nitrogen doping increases.

From Fig. 7, the O atom is bond with two Ni atoms on the final
states ofNi @SV-GNn ,Ni @SV-N1n andNi @SV-N12n (n= 3 and 4), which

Fig. 8. The energy barrier of oxygen dissociation reaction.

Fig. 9. BEP and TSS of oxygen activation on Nin@SV-GS catalysts.
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is indicated that the O atom is difficult to remove in the oxidation re-
action and Nin@SV-GN, Nin@SV-N1and Nin@SV-N12 (n= 3 and 4) are
not a good catalyst for O2 activation reaction. From Fig. 8, the energy
barriers of O2 dissociation reaction are 1.63˜2.27 eV
onNi@SV-GS,Ni @SV-GN2 andNi @SV-N12 , which are much larger than
the energy barrier of O2 on single atom catalysts (1.12eV [16] of Fe@
SV-N123 and 1.09eV [18] of Pt@SV-N123). It is indicated that
theNi@SV-GS,Ni @SV-GN2 andNi @SV-N12 are not a good catalyst for O2

activation reaction. In summary, the energy barriers of O2 dissociation
reaction aboutNi @SV-N122 ,Ni @SV-N1232 ,Ni @SV-N1233 and Ni @SV-N1234
are 0.81 eV, 0.80 eV, 0.57 eV and 0.64 eV, respectively, which are less
than out pervious calculation of the energy barrier for O2 on single iron
atom catalysts (the minimum energy barrier is 1.12eV [16]). It is in-
dicated thatNi @SV-N122 ,Ni @SV-N1232 ,Ni @SV-N1233 andNi @SV-N1234 may
become potential catalysts for oxygen activation with its good adsorp-
tion configuration and low reaction energy barrier.

To further analyze the activation energy (Ea) and the reaction heat
(ΔE), the Brønsted-Evans-Polanyi (BEP) and Transition States Scaling
(TSS) relations are proposed. The BEP is an empirical formula, which
was first proposed by Brønsted, Evans and Polanyi [47,48]. The equa-
tion is shown in Eq. (10), and it shows that the activation energy (Ea) of
an elementary reaction has a great linear relationship with the reaction
heat (ΔE). Pallassana [49] et al first applied the BEP relationship on
heterogeneous catalysis, and found that the Ea and the ΔE of ethylene
on different Pd surfaces show a good linear relationship. Recently, with
the intention of finding the relationship between transition state energy

(ETS) as well as final state energy (EFS) in reaction paths, a new BEP
formula is proposed. The transition state scaling (TSS) is used to re-
present the new type of BEP relationship, and the equation of TSS is
shown in eq11.

= +E Ea (10)

= +E ETS FS (11)

Where Ea and ΔE represent the activation energy and the reaction en-
ergy of the oxygen activation reaction under theNi @SV-GSn catalysts,
respectively.

But there are few studies on the study of oxygen dissociation reac-
tion using BEP and TSS. Therefore, the BEP and TSS relation of O2

dissociation reactions under different Nin@SV-GS catalysts were cal-
culated, as shown in Fig. 9. The detailed data were listed in Table S2.

BEP relationship can quantitatively analyze the relationship be-
tween activation energy and heat of reaction from Fig. 9(a), and the R2

of the BEP relationship is 0.52, and the mean absolute error (MAE) is
0.30 eV, which is similar to the previous study (0.28eV [50]). But the
maximum y axis is 2.5 eV, which is quiet large error. It is indicated that
the BEP is not suitable for O2 dissociation reaction. Fig. 9(b) showed a
TSS relation for O2 dissociation reaction on the Nin@SV-GS catalysts.
The R2 of the TSS is 0.97, which indicated that there is a good cor-
rection between the ETS and the EFS, and the TSS relation is suitable for
O2 dissociation reaction. In addition, the mean absolute error (MAE) is
0.89 eV, which is larger than the value of BEP. Because the ETS and EFS

are two orders of magnitude larger than the Ea and ΔE. In summary, the

Fig. 10. The Gibbs free energy of O2 activation reaction on Nin@SV-GS at different reaction temperatures.
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TSS is suitable for O2 dissociation reaction, and the TSS verify the ac-
curacy of the transition state calculation.

3.5. Thermodynamic analysis

Since the activation of oxygen are affected by temperature, we will
study the activation of oxygen at different temperatures. The concept of
Gibbs free energy was introduced to study the effects of temperature.
The calculation formula of the Gibbs free energy is as following [51]:

= =G G G T KR lnFS IS (12)

Where GIS and GFS are the Gibbs free energy of initial state and final
state; R represents the universal gas constant
(8.61671 × 10−5eV/(mol K)); T represents the temperature of the
system; K is equilibrium constant.

To more in-depth analyze the influence of temperature variation
about the oxygen activation reaction, the adsorption energy in Gibbs
free energy (ΔG) and the natural logarithm of K under different tem-
peratures (298K˜1000 K) were drawn, as shown in Figs. 10 and 11.
Gibbs free energy can reflect whether the reaction can proceed spon-
taneously and the reaction equilibrium constant can react to the extent
of the reaction.

From Fig. 10, it is found that the Gibbs free adsorption energy (ΔG)
of Ni @SV-GSn (n= 1 and 2) are all > 0 eV, and the Gibbs free adsorp-
tion energy (ΔG) of Ni @SV-GSn (n= 3 and 4) are all < 0 eV. It is

suggested that O2 activation reaction can happen spontaneously when
n= 3 and 4 and O2 activation reaction can’t happen spontaneously
when n= 1 and 2. From Fig. 11, it can be found that the equilibrium
constants (K) of O2 activation reaction on Ni @SV-GSn (n= 3 and 4)
gradually decrease with the temperature increasing, which indicated
that increasing the reaction temperature can promote the O2 activation
reaction. In addition, if the equilibrium constants (K) are all > 105, it is
indicated that this reaction is a completely irreversible reaction.

Based on the adsorption configuration and reaction energy barrier,
the previous section is found thatNi @SV-N122 ,Ni @SV-N1232 ,
Ni @SV-N1233 andNi @SV-N1234 may become potential catalysts for oxygen
activation. According to Gibbs free adsorption energy (ΔG) and equi-
librium constants (K) in Figs. 10 and 11, it can be found that only the
Ni4@SV-N123 with the temperature at 298.15K˜750 K, the ΔG is < 0 eV
and the K is > 105. It is suggested that activation of O2 on Ni @SV-N1234
is a completely irreversible reaction in the 298.15K˜750 K temperature
range. So Ni @SV-N1234 may be a promising candidate in the selection
of catalysts for O2 activation.

Next, the temperature effect on the geometry of O2/Ni4@SV-N123
will be considered by thermodynamic analysis. Therefore, we will study
the activation of oxygen at different temperatures through thermo-
dynamic analysis. The concept of Gibbs free energy was introduced to
study the temperature effects. The calculation formula of the Gibbs free
energy is as following:

=G G G Gtot Ni @SV-GS On 2 (13)

Fig. 11. The logarithm of reaction equilibrium constants of O2 activation reaction on Nin@SV-GS at different reaction temperatures.

Z. Gao, et al. Molecular Catalysis 477 (2019) 110547

11



WhereGtot,GNi @SV-GSn and GO2 represent the Gibbs free energy of the total
adsorption system, the Ni cluster catalysts and the oxygen molecule.

To more in-depth analyze the influence of temperature variation
about the geometry of oxygen on the Ni4@SV-N123, the adsorption
energy in Gibbs free energy (ΔG) under different temperatures
(298K˜1000 K) were drawn, as shown in Fig. S3. From Fig. S3, we can
found that the ΔG is all < 0 eV when the temperature is below 1000 K.
It is indicated that the adsorption of O2 on the catalyst can happen
spontaneously. Thus proved that the geometry of oxygen on the Ni4@
SV-N123 is firm with the temperature at 298.15K˜1000 K. So tem-
perature does not affect the geometry of the adsorption, and
Ni @SV-N1234 may be a promising candidate in the selection of catalysts
for O2 activation.

4. Conclusion

Using the DFT, the adsorption characteristics and reaction me-
chanism of O2 activation reaction on Nin@SV-GS catalysts were sys-
tematically and comprehensively investigated. Based on the above
calculations and discussions, the optimal computing structure, the ad-
sorption energy, the electronic gains/losses, the DOS analysis and the
magnetic properties analysis were calculated to analyze the support
effect of Nin@SV-GS catalysts on O2 adsorption and activation, and the
energy barrier and the thermodynamic analysis were proposed to the
catalytic activation of O2 activation reaction. Firstly, we can find that
the support effect is present during the adsorption of oxygen, and the
charge of Ni atom anchored on the vacancy of graphene substrate is a
descriptor of the adsorption energy of O2. Secondly, the electron mainly
transfers from the Ni clusters to the O2, and the graphene-based sub-
strates hardly work in the electron transfer process. In addition, the TSS
are suitable for O2 dissociation reaction, and the TSS verify the accu-
racy of the transition state calculation. Furthermore, according to the
energy barrier and the thermodynamic analysis of O2 activation reac-
tion, Ni @SV-N1234 may be an ideal candidate in selection of catalysts
for O2 activation reaction. Ultimately, we expected that this research
will cast insight into activation reaction mechanism of O2 on metal
nanoclusters catalysts and lay the foundation for the investigation of
metal nanoclusters catalysts for the activation reaction of O2.
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