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Heteroatom doped graphene has caused particular interest in recent years due to its promising ORR
(oxygen reduction reaction) activity in fuel cells. Sn doped divacancy graphene (Sn—Gra) was predicted
to be a good candidate as a cathode catalyst in the previous study. In this work, the detailed ORR
mechanism has been studied for Sn—Gra. The calculated charge transfer indicates that Sn and its
adjacent four C atoms are the catalytic reaction sites. The unstable intermediate HOOH suggests that
Sn—Gra experiences a four-electron ORR process. The most favorite pathway is the hydrogenation of
the O, molecule. The rate determining step is the hydrogenation of OOH to form H,O + O with the
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Accepted 15th November 2016 energy barrier of 0.75 eV. This value is slightly smaller than 0.80 eV for Pt, implying that Sn—Gra is
a potential cathode catalyst for ORR. The predicted working potential is 0.16 V for the most favorite

DOI 10.1039/c6ra25118h pathway. We expect that this study could provide new insights for the design of low-cost and highly
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1. Introduction

A global energy shortage and environmental pollution have
stimulated massive research on next-generation energy
conversion and storage systems, which should be highly effi-
cient, low cost and environmentally friendly. In this aspect, fuel
cells and metal-air batteries are the best alternatives.'” For fuel
cells and metal-air batteries, however, the current bottleneck
lies in the slow kinetics of the cathodic oxygen reduction reac-
tion (ORR).** As a result, catalysts with fast ORR rate are at the
heart of key renewable-energy technologies. Although the Pt/C
catalyst has been the most active catalyst for ORR to date, the
high price, instability and poor CO tolerance severely hindered
the commercialization of these state-of-the-art devices.®®
Therefore, it is quite challenging but desirable to develop effi-
cient alternative catalysts, such as non-precious metals and
metal-free materials. By far, the state-of-the-art metal-free
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T Electronic supplementary information (ESI) available: Fig. S1 shows all the
possible configurations for each adsorbed species involved in the ORR on Sn
doped graphene. Fig. S2 shows the free energy diagrams for the reaction
pathway I (a = b — ¢ — d — e) on Sn-Gra and Fig. S3 shows the free energy
diagrams for the reaction pathway II (a — b — f — e) on Sn-Gra. See DOI:
10.1039/c6ra25118h
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efficient electrocatalysts in fuel cells.

catalysts are sp>-hybridized carbon and its derivatives.® By
introducing heteroatom into carbon materials, their electron
properties would be tailored and consequently their catalytic
activities would be enhanced. Diverse heteroatom-doped
carbon materials, such as carbon nanoparticles, carbon
nanotubes' and graphene,' have attracted extensive interests
because of their lower price, outstanding mechanical flexibility
and superior structural durability.

Among these carbon materials, graphene as the ultrathin
two-dimensional network has drawn a lot of attention for ORR
activity due to its large surface area, high carrier mobility and
superior chemical stability.”*** Continuous efforts have been
made to synthesize the heteroatom doped graphene that exhibit
excellent ORR performance, such as nitrogen (N),"> boron (B),*®
phosphorus (P),"” sulfur (S),"® antimony (Sb)," and their
mixtures.”*** The catalytic current at the N doped graphene
electrode was about three times higher than that at the Pt/C
electrode, which opens a way to fabricate other new hetero-
atom doped carbon materials as ORR catalysts."> Boron atom
possesses strong electron-withdrawing capability and due to its
unique electronic structure and properties, the boron doped
graphene exhibits pronounced catalytic activity towards ORR
and better CO tolerance than Pt/C catalyst in alkaline electro-
Iytes.’ P doped graphene exhibits enhanced cycle and rate
capabilities as well as outstanding ORR activity compared with
the undoped graphene.' In addition, S-doped graphene shows
a higher electrocatalytic activity than Pt/C catalyst.®

Although great progress has been achieved in experimental
studies, the ORR mechanism is only partially understood. In
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this regard, density functional theory (DFT) is an effective
theoretical method to identify the catalytic sites and explore the
ORR pathways from the thermodynamic and dynamic
perspectives. For N doped graphene in acidic environment,
theoretical study indicates that the ORR process is a direct four-
electron pathway,” which is consistent with the experimental
observations. For P doped graphene, the OOH formation and
dissociation pathway is the most favorable.”® S doped graphene
could exhibit ORR catalytic properties comparable to Pt/C
catalyst based on DFT calculations,* which is in agreement
with the experimental result.

Motivated by the above studies, in this work, we have studied
Sn doped divacancy graphene (Sn-Gra). Previous study shows
that single Sn doped divacancy graphene is a good candidate for
ORR at the cathode of fuel cells.” To get further insights, in
present study, the specific adsorption sites for various ORR
species are identified by calculating the adsorption energies. In
addition, the energy barriers and free energy changes are
calculated to identify the optimal reaction pathway.

2. Computational details

The catalyst was modeled as a 5 x 5 hexagonal graphene super
cell containing 49 atoms with lattice parameters a = b = 12.3 A,
and with periodic boundary conditions in three dimensions. A
vacuum layer of 15 A perpendicular to the graphene sheets was
adopted to avoid the artificial interactions between graphene
layers.

All the geometry optimization and energy calculations were
performed within density functional theory framework>**
using the Vienna ab initio Simulation Package (VASP) code.?®*
Projector augmented wave (PAW)* potentials were adopted to
describe the electronic exchange and correlation within the
generalized gradient approximation (GGA) using the Perdew-
Burke-Ernzerhof (PBE).** The Kohn-Sham one-electron wave
functions at each k-point were expanded with a kinetic energy
cutoff of 400 eV. The Brillouin zone was sampled using a 4 x 4
x 1 k-point grid in the Monkhorst-Pack scheme.*

The atomic positions were optimized until the forces were
below 0.01 eV A™'. The transition state (TS) structures of
different reaction pathways were identified through the climb-
ing image nudged elastic band (CI-NEB) method.*® The
minimum energy path was optimized with the force-based
conjugate-gradient method until the maximum force was
below 0.05 eV A~*. In addition, zero point energy corrections
were taken into consideration in all the involved energies. To
describe the van-der-Waals (vdW) interactions between the
reactants and the substrate, a semiempirical dispersion-
corrected density functional theory (DFT-D2)**** force-field
approach was adopted.

The formation energy (AEf) was calculated as:

AEf = ESn—Gra + Xie — (EGra + ESn) (1)

where Es, gra and Eg;, represent the energies of Sn doped
divacancy graphene and the free divacancy graphene, respec-
tively. u. refers to the chemical potential of a single carbon atom
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in the graphene. x is the number of removed C atoms. In this
work, x = 2. Eg, is the energy of the isolated Sn atom in the gas
phase.

The adsorption energy (AE,q4s) was calculated as:

AEads = ESn—GraJradsorbale - (ESn—Gra + Eadsorbate) (2)

where Esn-Gra+adsorbates Esn-Gra and Eadsorbate are the total ener-
gies of Sn doped divacancy graphene with adsorbed molecules,
clean Sn doped divacancy graphene and the free adsorbate,
respectively. Note that, however, solvent effect, which is not
considered in this work, could change the calculated energies.*®

To explore the effect of the electrode potentials on the ORR
activity, we studied the free energy changes of the ORR on Sn
doped graphene under various electrode potentials based on
the approach developed by Norskov and coworkers.® The change
in free energy (AG) of every elementary reaction step was given
by the expression:>*’

AG = AE + AZPE — TAS + AGy + AGyy + AGgaa  (3)

where AFE is the change of total reaction energy based on DFT
calculations, AZPE is the change of the zero point energy, T is
the temperature (298.15 K) and AS is the change of the entropy.
AGy and AG,y refer to the free energy contributions caused by
the variations in electrode potential U and pH value, respec-
tively. Here, AGy = —neU, where n is the number of transferred
electrons, U is the electrode potential. AGpy = kgT x In 10 x
pH, where kg is the Boltzmann constant and 7= 300 K. In acid
medium, pH is defined as 0.***° AGgqq is the free energy
correction owing to the electrochemical double layer, which is
negligible. The free energy of O, was obtained from the reaction
O, + 2H, — 2H,0, in which the free energy change is 4.92 eV at
the temperature of 298.15 K and pressure of 0.035 bar.>*
According to the computational hydrogen electrode model
proposed by Nerskov,® the free energy of H' in solution under
standard conditions of pH = 0 and U = 0 was defined as that of
half H,. Gas phase H,O at 0.035 bar was used as the reference,
since the gas phase H,O is in equilibrium with liquid phase at
this pressure. For the molecules (such as O,, H,, H,O, etc.) in
the gas phase, the entropies and vibrational frequencies were
obtained from the NIST database,*" while the zero point energy
and the entropies of the ORR intermediates were calculated
from the vibrational frequencies.®

3. Results and discussion

3.1. Adsorption of the intermediates

First of all, we have studied the adsorption of Sn on relaxed
divacancy graphene by putting Sn atom on the different surface
sites (Fig. 1). Our results indicate that the adsorption of Sn on
the divacancy site (Fig. 1a) is the strongest (—3.70 eV), implying
that Sn prefers to be doped on the divacancy graphene. Since
the atomic radius of Sn is 1.40 A which is larger than 0.91 A of C,
Sn lies 1.53 A above the graphene surface.

To indentify the possible reaction sites, we then calculated
the Bader charge transfer on Sn-Gra (Table 1). For Sn-Gra

This journal is © The Royal Society of Chemistry 2017
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e:E 4=-183 eV

c:Eg=-231eV d: E = -1.83 eV

Fig. 1 (a—e) Configurations refer to possible adsorption sites for Sn
atom at a divacancy in graphene. E 4 refers to the corresponding
adsorption energy. To, Ty, T2, Tz and T4 in a configuration refer to the
top sites, while By refers to the bridge site between Sn and C atoms.
The gray and blue balls represent C and Sn atoms, respectively.

Table 1 Bader charge in e. Q(Sn), Q(4C) and Q(ads) refer to the total
net charge on Sn atom, on the four C atoms adjacent to Sn atom and
on the adsorbates, respectively. NC refers to the net change which is
the sum of Q(Sn), Q(4C) and Q(ads)

Adsorbate Q(Sn) Q(4C) Q(ads) NC
Sn-Gra 0.91 —1.02 — —-0.11
O, 1.59 —-0.77 —0.53 0.29
(@) 1.08 0.11 —-1.10 0.09
H 1.43 —0.90 —0.26 0.27
OH 1.65 —1.08 —0.53 0.04
OOH 1.70 —-0.79 —0.60 0.31
H,0 1.55 —-1.78 0.04 —0.19
20 1.78 0.29 —-1.93 0.14
O + OH 1.73 —0.32 —-1.37 0.04

without intermediates, Sn has a positive charge of 0.91e, while
the total charge of its adjacent four C atoms is —1.02e. This is in
agreement with the large electronegativity of C. The NC of Sn
and its adjacent four carbon atoms is about —0.11e. This indi-
cates that the Sn and its adjacent four carbon atoms are catalytic
active, i.e., the Sn top site (T, in Fig. 1a), the four adjacent C top
atoms (T4, T,, T3, T, in Fig. 1a) and the bridge site between Sn
and C (B, in Fig. 1a).

After the optimization of all the ORR intermediates (O,, O, H,
OH, OOH, H,0, O + O and O + OH) at possible sites, the ob-
tained stable adsorption configurations and corresponding
adsorption energies are given in Fig. S1, ESI.T The most stable
adsorption configurations and corresponding adsorption
energies for each intermediate (except for H atom) are displayed
in Fig. 2. After the intermediates are adsorbed on the surface, Sn
loses more electrons while the intermediates gain electrons
except for H,O molecule. The net charge (NC) of the interme-
diates is around 0.04-0.31|e|. This confirms again that all the
possible ORR elementary reactions could take place around the
Sn atom and its adjacent four carbon atoms, which is similar to
that of S doped and N doped graphene.***> Among the inter-
mediates shown in Table 1, single atomic O gains the most
electrons, even making the four carbon atoms positively
charged. For two separated O atoms adsorbed on the surface,

This journal is © The Royal Society of Chemistry 2017
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Eads=

E, 4=-5.08 eV E,4=-2.67 eV

Fig. 2 Atomic structures with the lowest adsorption energy for the
ORR species (the second lowest adsorption energy for H atom)
adsorbed on Sn—Gra. (A) O, (B) O, (C) H, (D) OH, (E) OOH, (F) H,0O, (G)
two separated O atoms; (H) O + OH. E,4s represents the absorption
energy.

the total electron gain is —1.93e, i.e., —0.965¢ for each atom,
smaller than —1.10e for single atomic O. This suggests that the
interaction between two separated O atoms and Sn-Gra is
weaker, which would facilitate the following ORR process. The
calculated adsorption energies also support this conclusion,
which is —4.64 eV for single atomic O (Fig. 2B), —2.54 eV for
each O atom in two separated O atoms (Fig. 2G).

The prerequisite for initializing the ORR is that the O,
molecule must be able to be adsorbed on the catalyst surface.
There are two configurations for O, molecule adsorption
(Fig. S17), i.e., side-on configuration in which two O atoms bind
to Sn atom with the same bond distance, and end-on configu-
ration in which one O atom binds to Sn atom, while the other O
atom is pointing away from the surface. Our calculations show
that the end-on configuration of O, molecule exhibits much
stronger adsorption (E,qs = —0.40 eV in Fig. S17) than the side-
on configuration (E,qs = —0.16 €V in Fig. S17). Thus we chose
the O, molecule configuration with stronger adsorption energy
of —0.40 eV (Fig. 2A) as the initial state for the ORR study. The
adsorption energy of —0.40 eV is quite close to the value in ref.
25. The end-on configuration of O, and the corresponding
adsorption energy are similar to P doped divacancy graphene.*

For single O atom, the most stable site is the bridge site
between Sn and C with adsorption energy of —4.64 eV (Fig. 2B),
similar to the P doped® and silicon doped divacancy gra-
phene.** Different from single O atom, the most stable
adsorption site for H atom is the Sn top site (Fig. S17). The
second stable site is the C top site with the adsorption energy of
—2.30 eV (Fig. 2C). Since during the ORR process, Sn top site is

RSC Adv., 2017, 7, 729-734 | 731
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always occupied by other species containing O atom, the second
most stable site is more favorable for the adsorption of H atom.
For OH and OOH species, they prefer to adsorb at Sn top site
rather than at C top site with adsorption energies of —3.29 eV
and —1.69 eV, respectively (Fig. 2D and E). For H,O molecule, its
weak adsorption energy of —0.28 eV (Fig. 2F) is in agreement
with the previous study.”® The weak adsorption is also in
accordance with the small amount of charge transfer (0.04e).
Thus, H,O molecule could be easily desorbed from the Sn-Gra
surface once it is formed. In addition, HOOH is found to be
unstable during the geometry optimization, suggesting that the
ORR mechanism on Sn-Gra is a four-electron process, not
a two-electron process.

3.2. ORR mechanism on Sn-Gra

The chemisorption of O, on Sn-Gra is the first step for the ORR
process. Following the adsorption, there are two possible path-
ways for O, molecule: dissociation into two O atoms or hydro-
genation to OOH species. Once the O, molecule dissociated into
two O atoms, it would undergo sequential hydrogenations to
form two H,O molecules. For O, hydrogenation, the OOH species
could either be decomposed to generate O + OH or hydrogenated
to form HOOH, O + H,0 or two OH species. Since HOOH species
could not exist on the surface of Sn-Gra (it will decompose into O
+ H,O0 after the hydrogenation), there are only three remaining
pathways for following the formed OOH species.

The summarized reaction pathways on Sn-Gra are shown in
Fig. 3, while the geometric structures of the initial state, tran-
sition state and final state for all the possible reaction steps are
shown in Fig. 4.

0,
*0,(Ty)
1l
a [(0.72,-0.30) g | (0.03,-0.69)
*O(T)+*O0(By) *Q0H(T,)
(0.00) h l(o.75,-1.16)
*OH(T()+*O(By) *H,0+*0(Ty)
b |(0.03,-0.07) i|(0.12,-2.04)
*OH(T)+*O0(By) *OQH(T,)
I I e 1(0.73 ,-0.25)
¢ |(0.63,-0.12) (0.00) *H,0(Ty)
“H,0(T)+*0(B,)  *OH(To)}t*OH(B))
(0.00) f |(1.49,-1.15)
*QH(B,) *OH(T()**H,0
d |0.41,-1.22) e |(0.73,-0.25)
*OH(T,) *H,0(Ty)
e l(0.73,-0.25)
*H,0(Ty)

Fig.3 Possible reaction pathways for ORR on Sn—Gra. The numbersin
parenthesis are the energy barriers (left) and reaction energies (right) in
units of eV. For the details of labels (a—i) see Fig. 4. * denotes that the
ORR species is adsorbed on the catalyst surface.
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(d) *OH— *OH

J XY
—

AE=0.73, AH=-0.25

el

(f) *OH+*OH+H— *OH+*H,0  AE=149, AH=-1.15

(i) O+H— *OH AE=0.12, AH= -2.04

Fig. 4 Atomic structures of the initial state (left panel), transition state
(middle panel), and final state (right panel) for reaction pathways on
Sn—Gra. AE is the energy barrier and AH is the reaction energy (in units
of eV).

This journal is © The Royal Society of Chemistry 2017
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3.2.1. O, dissociation. In the initial state, the O-O bond
distance of O, molecule is 1.32 A, larger than 1.22 A for the gas
phase. The enlarged O-O bond distance is beneficial for the O-O
bond cleavage and will facilitate the following ORR process. After
the dissociation, one O atom is located at the Sn top site and the
other locates at the bridge site between Sn and C. The O-O bond
distance is elongated to 1.41 A in the transition state (Fig. 4a).
The energy barrier is 0.72 eV and the reaction is exothermic by
—0.30 eV. The hydrogenation for O atom at Sn top site is
a spontaneous process with a negligible energy barrier. After the
O is hydrogenated, the OH bond moves to the most stable
configuration, in which H atom points toward the O atom sitting
at the bridge site. This process needs a very small energy barrier
of 0.03 eV and the reaction is slightly exothermic by —0.07 eV
(Fig. 4b). In addition, we have also studied the case in which the
O atom at the bridge site is hydrogenated first, but no stable
configurations are found. After the formation of OH + O, the
following reactions would be to form either H,O + O or OH + OH.

Pathway I, formation of H,O + O (Fig. 3). In the initial state, the
H atom at the C top site has a bond distance of 2.72 A with O
atom. It decreases to 1.31 A in the transition state (Fig. 4c). The
energy barrier of this process is 0.63 €V with small exothermic
energy of —0.12 eV. After the removal of the first H,O molecule
from the catalyst surface, the remaining O atom at bridge site
will be hydrogenated. This is a spontaneous process without
energy barrier. Then, the OH species on the bridge site moves to
the most stable Sn top site. This process requires to overcome
an energy barrier of 0.41 eV and large exothermic energy of
—1.22 eV is released (Fig. 4d). The hydrogenation of OH on Sn
top site forms the second H,O with an energy barrier of 0.73 eV
and exothermic by —0.25 eV (Fig. 4e). The highest energy barrier
(0.73 V) in pathway I (Fig. 3) suggests that the second hydro-
genation step to form H,O molecule is the rate determining
step. The weak adsorption of H,O molecule on Sn-Gra implies
that the H,O molecule can easily be desorbed from the surface
and leaving the Sn-Gra refreshed.

Pathway II, formation of OH + OH (Fig. 3). The hydrogenation
of O atom at bridge site needs no energy barrier. After this step,
the hydrogenation of OH at bridge site to form OH + H,O needs
to overcome a very high energy barrier of 1.49 eV with
exothermic energy of —1.15 eV (Fig. 4f). After the release of the
first H,O molecule, the hydrogenation of the remaining OH at
the Sn top site needs an energy barrier of 0.73 eV (Fig. 4e), the
same as in pathway I.

3.2.2. O, hydrogenation. Pathway III, OOH dissociation
(Fig. 3). The very small energy barrier of 0.03 eV indicates that
the hydrogenation of O, is very easy (Fig. 42). As mentioned
earlier, the formed OOH can be decomposed into either O + OH,
or hydrogenated to O + H,O, or OH + OH. During our calcula-
tion, the decomposition of OOH into O + OH and the formation
of OH + OH can not be found. Only one product, i.e., O + H,O is
formed. This means that the introduced H atom can promote
the breaking of the O-O bond. The formation of O + H,O needs
an energy barrier of 0.75 eV and the reaction is exothermic by
—1.16 eV (Fig. 4h). After the H,O is removed, the hydrogenation
of the O atom at Sn top site is very easy with an energy barrier of

This journal is © The Royal Society of Chemistry 2017
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Fig.5 The free energy diagram for the most favorite reaction pathway
(g — h — i — e) on Sn—Gra at different electrode potentials.

0.12 eV (Fig. 4i). Then the further hydrogenation of OH forms the
second H,0 which requires an energy barrier of 0.73 eV (Fig. 4e).

In a word, from Fig. 3, we can conclude that pathway I and III
are competitive with similar energy barriers of 0.73 eV and
0.75 eV, respectively. These values are smaller than 0.88 eV for P
doped single vacancy graphene,* 0.85 eV for P doped divacancy
graphene,® 0.80 eV for Pt (100)** and 0.79 eV for Pt (111).* In
addition, compared with O, dissociation with an energy barrier
of 0.72 eV, the hydrogenation of O, to form OOH with an energy
barrier of 0.03 eV is much easier. Once the formed OOH species
occupies the Sn top site, it could hinder the adsorption of O or
OH species.

3.3. Effect of electrode potentials on ORR

All the above calculations are performed under zero electrode
potential, while in reality, the cathode electrocatalysts for ORR
work under positive electrode potentials. Therefore, the influ-
ence of different external potentials (U) on the ORR pathways
have been studied. The free energy diagrams of the ORR on Sn—
Gra have been explored by applying the method developed by
Norskov and coworkers.® The results are shown in Fig. 5 for O,
hydrogenation, Fig. S2 and S3 (ESIt) for O, dissociation. It is
seen from Fig. 5 (pathway III) that at U = 0.00 V, all the
elementary steps are downhill. With the increase of the elec-
trode potentials, the formation of the second H,O molecule
starts to be uphill at U = 0.16 V. For the O, dissociation,
however, even at U = 0.00 V, the formation of first H,O molecule
becomes uphill for pathway I (Fig. S27), while the formation of
OH becomes uphill for pathway II (Fig. S31). This indicates that
pathway III is more favorable for the ORR on Sn-Gra.

4. Conclusions

Sn doped divacancy graphene (Sn-Gra) has been studied by
using the density functional method. Our results suggest that
Sn and its adjacent four C atoms are the catalytic active sites.
For each intermediate, the most stable adsorption site is
determined. Four-electron mechanism is predicted for ORR on
Sn-Gra. O, hydrogenation is the most favorable pathway with
the energy barrier of 0.75 eV, smaller than ~0.80 eV for Pt. The
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calculated working potential is 0.16 V. Thus, we expect that Sn-
Gra could be a promising electrocatalyst for ORR.
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