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Summary: Here, the capacities of Cr-Sigo, Cr-Cg and Cr-Gego nanocages of ORR are examined. The
mechanisms of ORR on Cr-Sis, Cr-Cg and Cr-Geso nanocages as catalysts are investigated. Results
indicated that Cr have favorable bonds with Si, C and Ge of Cr-Sig, Cr-Cg and Cr-Gego nanocages.
The OOH adsorption on Cr-Sig, Cr-Cgo and Cr-Gesp nanocages is more favorite process than O,
dissociation from thermodynamic view point. The *OH formation is rate-determining for ORR on
Cr-Sigo, Cr-Cgo and Cr-Gego nanocages. The Cr-Sig, Cr-Cgo and Cr-Gego have higher catalytic activity
for ORR processes than metal-based catalysts and AIN, C, BN, AIP and BP nanocages and AIN, C,
BN, Si, Ge, AIP and BP nanotubes. The over-potential of ORR on surfaces of Cr-Sig, Cr-Ceo and Cr-
Gego are lower than metal based catalysts. The Cr-Sig and Cr-Gegy nanocages have lower over-
potential for ORR than Cr-Cg, nanocage. The Cr-Sig and Cr-Gego are proposed as new catalysts for

reaction steps of ORR by acceptable performance.
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Introduction

The oxygen reduction reaction (ORR) can be
reduced the efficiency and performance of fuel cells [1].
The one way to increase the efficiency of fuel cells is to
reduce the oxygen reduction reaction (ORR).
Researchers have made great efforts to find suitable
catalysts for the oxygen ORR. The metal-based catalysts
have moderate efficiency for the ORR [2]. The metal-
based catalysts have low stability and high cost, as well
as environmental problems for the ORR [3].

The carbon nanoparticle-based catalysts for the
ORR have high stability, low cost, and large surface area
[4]. The carbon nanoparticle-based catalysts can improve
the efficiency of fuel cells by catalyzing the ORR [5]. The
adsorption of metals on the surface of carbon-based
catalysts can significantly increase the efficiency of
carbon nanoparticle-based catalysts. The metals adsorbed
on carbon nanoparticle-based catalysts have the ability to
adsorb species related to ORR [6].

In previous works, the capacities of various
metal-based catalysts [7] and Metals (Fe, Co, Ni and Cu)
doped AIN, C, BN, AIP and BP nanocages and Metals
(Fe, Co, Ni and Cu) doped AIN, C, BN, Si, Ge, AIP and
BP nanotubes [8] for ORR processes have been
examined. The mechanisms for ORR processes on
surfaces of various metal-based catalysts [9] and Metal
doped nanostructures have been investigated [10].

Results have shown than the Metal doped nanostructures
[11] have higher catalytic activity for ORR processes
than various metal-based catalysts [12]. Results have
indicated that the pathways and their steps of ORR on
various metal-based catalysts [13] and Metal doped
nanostructures have been investigated [14] are same.

Researcher have demonstrated that the Ceo
structure is one of the most stable nanocages that has high
surface area, thermodynamic stability and high catalytic
activity for inorganic reactions [15]. The other
derivatives of Cg structure such as Sig and Gego
structures similar to Cg structure have high
thermodynamic stability and formation energy and their
surfaces area have higher than Cg structure. The metal
adoption on surfaces of Ceo, Siso and Gego structures can
improve their catalytic capacities to adsorb the
intermediates of important organic reactions [16].

In this study, the potential of Cr-Siso, Cr-Cso and
Cr-Gego nanocages of ORR are investigated. The effects
of adsorption of Cr on Siso, Ceo and Gego 0n capacities for
ORR are examined. The acceptable pathways of ORR on
Cr-Sigo, Cr-Ceo and Cr-Gesp are examined. The goals of
this work are: to suggest the catalysts (Cr-Sigo, Cr-Ceo and
Cr-Gesg) for ORR with acceptable performances; to
compare the performances of Cr-Sigg, Cr-Cso and Cr-Gego
for ORR; to propose available pathways of ORR on Cr-
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Sigo, Cr-Cgo and Cr-Gego; to find the Cr adsorption effects
on capacities of Cr-Sigo, Cr-Cgo and Cr-Gego for ORR; to
compare the efficiency of Cr-Sigo, Cr-Cgo and Cr-Geg for
ORR with metal based catalysts.

Computational details

The geometries of Sigo, Ceo, Gego, Cr-Sieo, Cr-
Ceo and Cr-Gesp and complexes with ORR derivatives
have been optimized by MO06-2X/6-311+G (2d, 2p)
model in GAMESS software [16, 17]. The frequencies of
Sieo, Ceo, Geeo, Cr-Sieo, Cr-Cqo and Cr-Gegy and
complexes with ORR derivatives are calculated to
confirm that the nano-structures are stable structures [18,
19]. The capacities of Cr-Sigo, Cr-Ceo and Cr-Gego to
adsorb of ORR species are examined. The structures of
Siso, Ceo and Gego Nanocages are reported in Figure 1. The
Eformation Of Siso, Ceo and Geso are summarized in Figure 1.
The possible mechanisms for ORR on Cr-Sigo, Cr-Ceo
and Cr-Gesp hanocages are examined to propose the
acceptable mechanism and new catalysts with high
performances. The ORR on surfaces of Cr-Sigy, Cr-Ceo
and Cr-Gesp nanocages is processed by three pathways as
presented in Table 1. The AGreaction @Nd Ezctivation OF ORR
on Cr-Sigo, Cr-Cep and Cr-Gego are investigated in Table
1.

Results and discussion

Adsorption of ORR species on Cr-Sig, Cr-Ce and Cr-
Gego nanocages

The Eformation OF Siso, Ceo and Gego nanocages are
-5.89, -4.42 and -5.58 eV. The Efomation OF Sigo are higher
than Cgo and Gego Nnanocages ca 1.52 and 0.31 eV. Results
shown that Eformation OF Siso, Ceo and Gego nanocages are
negative.

The Eformaion OF Sieo, Ceo and Gego are calculated as
following [19]:

Eformation = Enanocage— 60 * Ex (1)

The Enanocage 1S total energies of Sieo, Ceo and
Gego nanocages and the Ex are energies of Si, C, Ge
atoms. The adoption energies (Eadoption) Of Cr atoms on
Siso, Ceo and Gesp Nanocages are calculated as following
[20]:

Eadoption = ECr-nanocage* Enanocage - 1':‘Cr (2)
The Ecr-nanocage IS total energies of Cr-Sigo, Cr-

Ceo and Cr-Gegp complexes and the Enanocage IS total
energies of Sigo, Ceo and Gego and Ec; is energy of Cr. The
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Eagsorption OF ORR derivatives on Cr-Sig, Cr-Cg and Cr-
Gego Nanocages are calculated as following [21]:

Eadsorption = Especie—Cr—nanocage_ ECr-nanocage - Especie (3)

The Especie-cr-nanocage IS €nergies of complexes of
Cr-Sigo, Cr-Ceo and Cr-Geg nanocages with ORR
derivatives, the Ecrnanocage i energies of Cr-Sigo, Cr-Ceo
and Cr-Geso nanocages and the Especie i energies of ORR
derivatives.

The Cr adoption on Sis, Ce and Gego
nanocages are examined and structures of Cr-Siso, Cr-Ceo
and Cr-Gego are presented in Figure 1. The Eagopiion OF Cr
on Sieo, Ceo and Gego are shown in Figure 1. The Eadoption
of Siso, Ceo and Gego nanocages are -4.56, -4.15 and -4.41
eV. The Ezdoption O Cr-Sigo are more negative than Cr-Ceo
and Cr-Gego nanocages ca 0.41 and 0.15 eV. The Eadoption
of Cr on Siso, Ceo and Gego are negative and Cr have
acceptable bonds with Si, C and Ge of Cr-Sigo, Ceo and
Gego nanocages. The Cr-Sigy, Cr-Cep and Cr-Gego are
stable structures and Cr is active site for ORR adsorption.

In this section, the adsorption of ORR species
on Cr-Sigo, Cr-Ceo and Cr-Gegp are investigated. The
structures of complexes of ORR species with Cr-Sigg, Cr-
Ceo and Cr-Gegp are shown in Figure 1. The O; is joined
to Cr of Cr-Sigo, Cr-Cgo and Cr-Gegp hanocages. The
Eagsorption Of O20n Sieo, Ceo and Gego nanocages are -0.45,
-0.37 and -0.40 eV. The Eagsorption Of O 0N Sigo, Ceo and
Gego nanocages are -3.30, -2.87 and -2.96 eV. The
Eagsorption OF O + O on Sigp, Ceo and Gego Nanocages are -
6.54, -5.78 and -5.87 eV.

The O+0 and O have high interactions with Cr
of Cr-Sigo, Cr-Ceo and Cr-Gegp and have acceptable
Eadsorption.  The Oz on Cr-Sigp, Cr-Cep and Cr-Gego
nanocages is produced the O and O + O on Cr of Cr-Sieo,
Cr-Cgo and Cr-Gego nanocages. The Eagsorption Values of O
+ 0 and O with Cr-Sigy, Cr-Ceo and Cr-Gego are higher
than O,. The OH and OOH are adsorbed on Cr atoms of
Cr-Sigo, Cr-Ceo and Cr-Gego nanocages and Eadsorption are
higher than O,. The Cr-Sig, Cr-Ceo and Cr-Geso have
higher capacities for ORR species adsorption than OH
and OOH. The H,0 on Cr-Sigo, Cr-Cep and Cr-Gego are
physically absorbed and HO is easily desorbed from Cr-
Sigo, Cr-Ceo and Cr-Gego nanocages. The Eagsorption0f ORR
species on Cr-Sig and Cr-Gego hanocages are higher than
Cr-Ceo Nanocage.

In this study, the Engand q as charge transfer
of Cr-Sig, Cr-Cep and Cr-Gegp hanocages and complexes
of Cr-Sig, Cr-Ce and Cr-Gesp with ORR species are
reported in Table 2. The complexes of ORR species (O,
OH, OCH, O + O and H20) on Cr-Sig have lower Enic
than corresponding values for Cr-Ce and Cr-Geso
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nanocages. The q as charge transfer between the ORR  capacities to join with ORR species than Cr-Ceo. The Cr-
species (O, OH, OOH, O + O and H;0) and Cr-Sigo have  Sig and Cr-Gegp nanocages have higher potential than
higher corresponding values for Cr-Ce and Cr-Gegy  Cr-Cgo for ORR.

nanocages. The Cr-Sisp and Cr-Gego have higher
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Fig. 1: Structures of Sieo, Ceo and Gego nanocages, Cr doped nanocages (Cr-Sigo, Cr-Cgo and Cr-Gegg) and
complexes with ORR species.
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Table-1: The Eactivation and AGieaction in €V for ORR on Cr-Siso, Cr-Cgp and Cr-Gesp nanocages.

M06-2X/6-311+G (2d, 2p) model in gas phase

Nanocages Cr-Ceo Cr-Geso Cr-Siso
ORR pathways 1, 2 and 3 Eact AGreac Eact AGreac Eact AGreac
surface-*O, — *O-surface-O* 1.30 -1.52 1.34 -1.56 1.19 -1.74
surface-*O2; — surface-*OOH 0.44 -1.39 0.45 -1.42 0.40 -1.58
surface-*O0OH — surface-O* 1.12 -2.68 1.14 -2.75 1.02 -3.06
surface-O* — surface-*OH 1.05 -1.70 1.08 -1.74 0.96 -1.94
surface-*OH — surface + H.0 0.66 -0.60 0.67 -0.62 0.60 -0.69
surface-*OOH — HO*-surface-*OH 1.55 -3.38 1.59 -3.46 1.42 -3.85
HO*-surface-*OH — surface-*OH + H,0O 0.96 -1.81 0.98 -1.86 0.87 -2.07
surface-*O0OH — HO*-surface-O* 1.01 -1.17 1.04 -1.20 0.93 -1.34
HO*-surface-O* — surface-O* + H.O 1.13 -1.45 1.15 -1.49 1.02 -1.66
surface-O* — surface-*OH 1.05 -1.69 1.08 -1.73 0.96 -1.93

B3LYP/6-311+G (2d, 2p) model in gas phase

Nanocages Cr-Ceo Cr-Geso Cr-Siso
ORR pathways 1, 2 and 3 Eact AGreac Eact AGreac Eact AGreac
surface-*O, — *O-surface-O* 1.33 -1.49 1.37 -1.52 1.22 -1.70
surface-*O, — surface-*OOH 0.45 -1.36 0.46 -1.39 0.41 -1.54
surface-*OOH — surface-O* 1.15 -2.62 1.17 -2.69 1.04 -2.99
surface-O* — surface-*OH 1.07 -1.66 1.10 -1.70 0.98 -1.90
surface-*OH — surface + H20 0.68 -0.59 0.69 -0.61 0.61 -0.67
surface-*OOH — HO*-surface-*OH 1.59 -3.30 1.63 -3.38 1.45 -3.76
HO*-surface-*OH — surface-*OH + H20 0.98 -1.77 1.00 -1.82 0.89 -2.02
surface-*OOH — HO*-surface-O* 1.03 -1.14 1.06 -1.17 0.95 -1.31
HO*-surface-O* — surface-O* + H,O 1.16 -1.42 1.18 -1.46 1.04 -1.62
surface-O* — surface-*OH 1.07 -1.65 1.10 -1.69 0.98 -1.89

COSMO model in water

Nanocages Cr-Ceo Cr-Geso Cr-Siso
ORR pathways 1, 2 and 3 Eact AGreac Eact AGreac Eact AGreac
surface-*Oz — *O-surface-O* 1.27 -1.55 1.31 -1.60 1.16 -1.78
surface-*O2 — surface-*OOH 0.43 -1.42 0.44 -1.45 0.39 -1.62
surface-*O0OH — surface-O* 1.09 -2.74 111 -2.81 1.00 -3.13
surface-O* — surface-*OH 1.03 -1.74 1.06 -1.78 0.94 -1.98
surface-*OH — surface + H20 0.65 -0.61 0.65 -0.63 0.59 -0.71
surface-*OOH — HO*-surface-*OH 1.52 -3.46 1.55 -3.54 1.39 -3.94
HO*-surface-*OH — surface-*OH + HO 0.94 -1.85 0.96 -1.90 0.85 -2.12
surface-*O0OH — HO*-surface-O* 0.99 -1.20 1.02 -1.23 0.91 -1.37
HO*-surface-O* — surface-O* + H20 1.10 -1.48 1.12 -1.52 1.00 -1.70
surface-O* — surface-*OH 1.03 -1.73 1.06 -1.77 0.94 -1.97

Reaction steps of ORR pathways on Cr-Sigy, Cr-Ceo
and Cr-Gegg nanocages Enie = Enomo — ELumo (6)

The Eacti\/ation and AGreac[ion Of reaCtIOHS Of
pathways ORR on Cr-Sig, Cr-Ceo and Cr-Geeo is
examined [22]. The AG ofreaction of ORR on Cr-Sieo,
Cr-Ceo and Cr-Gegy is calculated:
AG = AH — TAS + AGu + AGpH 4)

The AGy = — neU, n is electron numbers and
U is electrode potential.

The Exctivation Of reactions of ORR on Cr-Sigg,
Cr-Ceo and Cr-Gegy is calculated:

)

The Ets and Es are total energy of transition
state and initial sate of reaction steps of ORR on Cr-
Siso, Cr-Ceo and Cr-Geg. The HMO-LUMO gap
energy (EnLc) and charge transfer (q) for Cr-Sigo, Cr-
Ceso and Cr-Gesp nanocages and complexes of ORR
species with Cr-Sigo, Cr-Ceo and Cr-Geso nanocages
are calculated.

Eactivation = Ets — Eis

The Enomo and ELumo are energy of HOMO
and LUMO of Cr-Sigo, Cr-Cso and Cr-Gego nanocages
and complexes of ORR species with Cr-Sigs, Cr-Ceo
and Cr-Geso Nanocages.

The adsorption of OOH on Cr-Sisy, Cr-Ceo
and Cr-Gego nanocages has higher Eadsorption than O
adsorption. The dissociation of O, on Cr-Sigg, Cr-Ceo
and Cr-Gego nanocages has high Eactivation Values. The
dissociation of O, molecules on Cr-Sigy, Cr-Ceo and
Cr-Gego to O + O have high Eactivation. The hydrogen
atom can react by OOH on Cr-Sigg, Cr-Cesp and Cr-Geso
nanocages and the OOH adsorption on Cr-Sigo, Cr-Ceo
and Cr-Gego nanocages is more favorable process than
O, dissociation.

In mechanism 1, the *OOH on Cr-Sigo, Cr-
Ceo and Cr-Gego is hydrogenated and H,O is released
and *O on Cr-Sigy, Cr-Ceo and Cr-Gegp is produced.
The *O on Cr-Sig, Cr-Ceo and Cr-Gesy Iis
hydrogenated and *OH on Cr-Sigo, Cr-Cgo and Cr-Geso
is formed. The *OH on Cr-Sigo, Cr-Cso and Cr-Gego is
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hydrogenated and H,O is separated. The AGeaction Of
creation of the second H,0 on Cr-Sigo, Cr-Cgo and Cr-
Gego nanocages are -0.69, -0.60 and -0.62 eV. In
pathway 2, the *OOH on Cr-Sigo, Cr-Cep and Cr-Gego
is hydrogenated and HO*-*OH and -*OH are formed
and H,0 is released. In final step, the *OH on Cr-Sieo,
Cr-Cgo and Cr-Gego nanocages is hydrogenated and
H20 is released. The Eactivation OF creation of the second
H20 on Cr-Sigo, Cr-Ceo and Cr-Gego nanocages are
1.02,1.13 and 1.15 eV. In mechanism 3, *OOH on Cr-
Siso, Cr-Ceo and Cr-Geg is dissociated to *OH and *O.
The *OH is hydrogenated and H2O is formed on Cr-
Siso, Cr-Cgo and Cr-Gego. The *O on CI‘-Sieo, Cr-Cgp
and Cr-Gego is hydrogenated and*OH is formed. The
*OH on Cr-Sigo, Cr-Csp and Cr-Gego is hydrogenated
and Egctivation OF creation of *OH on Cr-Sigo, Cr-Cgo and
Cr-Geso nanocages are 0.96, 1.05 and 1.08 eV.
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In mechanisms 1, 2 and 3 the formation of -
*QH, creation of -*OH and H,O and production of -
*Q and H.O are rate-determining steps for ORR on Cr-
Sigo, Cr-Cso and Cr-Gego. The AEqctivation Of -*OH
formation on Cr-Sisy, Cr-Ceo and Cr-Gego 1 is lower
than -*OH, -*O and H,0O in pathways 2 and 3. The
AGveaction OF -*OH formation on Cr-Sigg, Cr-Cgo and Cr-
Gego 1 is higher than -*OH, -*O and H;0 in pathways
2 and 3. The pathway 1 is effective mechanisms for
ORR on Cr-Sig,, Cr-Ceo and Cr-Geso. The over-
potential of ORR on Cr-Sigy, Cr-Cgp and Cr-Geg are
lower than metal-based catalysts. The Cr-Sigy and Cr-
Geso nanocages have lower over-poential for ORR
than Cr-Cg nanocage. The Cr-Sigp and Cr-Gego
nanocages are catalyzed the ORR with high efficiency.

Table-2: The over-potential in V, Enigin eV and q in e of complexes of Cr-Sigo, Cr-Cso and Cr-Gego with ORR

species.
MO06-2X/6-311+G (2d, 2p) model in gas phase
Cr-Cg Cr-Geg Cr'Siso
Complexes Enic (eV) q(e) Enc (€V) q(e) Ens (eV) q(e)
O-nano -4.30 -0.23 -3.84 -0.26 -3.34 -0.30
O-nano-O -2.13 -0.47 -1.90 -0.53 -1.66 -0.60
O-nano-OH -2.42 -0.41 -2.16 -0.46 -1.88 -0.53
HO-nano-OH -2.49 -0.40 -2.22 -0.45 -1.93 -0.52
O,-nano -3.37 -0.03 -3.01 -0.03 -2.62 -0.04
HOO-nano -4.42 -0.11 -3.94 -0.13 -3.43 -0.15
HO-nano -4.65 -0.22 -4.15 -0.24 -3.61 -0.28
H,0O-nano -3.29 -0.02 -2.94 -0.02 -2.55 -0.02
Nanocages Cr-Sigo Cr-Cgo Cr-Gego
Over-potential 0.25 0.29 0.33
B3LYP/6-311+G (2d, 2p) model in gas phase
Cr-Cqo Cr-Gego Cr'siso
Complexes Enie (8V) q(e) Enic (eV) q(e) Enic (eV) q(e)
O-nano -4.11 -0.22 -3.67 -0.25 -3.19 -0.29
O-nano-O -2.04 -0.45 -1.82 -0.50 -1.58 -0.58
O-nano-OH -2.31 -0.39 -2.07 -0.44 -1.80 -0.51
HO-nano-OH -2.38 -0.38 -2.12 -0.43 -1.85 -0.50
O2-nano -3.23 -0.03 -2.88 -0.03 -2.50 -0.04
HOO-nano -4.22 -0.11 -3.77 -0.12 -3.28 -0.14
HO-nano -4.45 -0.21 -3.97 -0.23 -3.45 -0.26
H,0O-nano -3.15 -0.01 -2.81 -0.02 -2.44 -0.02
Nanocages Cr-Sigo Cr-Cg Cr-Gego
Over-potential 0.23 0.27 0.31
COSMO model in water
Cr-Cqo Cr-Gego Cr'siso
Complexes Enic (eV) q(e) Ens (eV) q(e) Enc (eV) q(e)
O-nano -4.50 -0.24 -4.01 -0.27 -3.49 -0.31
O-nano-O -2.23 -0.49 -1.99 -0.55 -1.73 -0.63
O-nano-OH -2.53 -0.43 -2.26 -0.48 -1.96 -0.56
HO-nano-OH -2.60 -0.42 -2.32 -0.47 -2.02 -0.54
O,-nano -3.53 -0.03 -3.15 -0.03 -2.74 -0.04
HOO-nano -4.62 -0.12 -4.12 -0.13 -3.58 -0.15
HO-nano -4.86 -0.22 -4.34 -0.25 -3.77 -0.29
H,0O-nano -3.44 -0.02 -3.07 -0.02 -2.67 -0.02
Nanocages Cr-Sigo Cr-Cqo Cr-Gego
Qver-potential 0.26 0.28 0.32




Ziyan Cheng et al.,

Conclusion

In this work, the ORR mechanisms on Cr-
Sigo, Cr-Ceo and Cr-Gego nanocages are investigated.
The Cr atoms of Cr-Sigo, Cr-Cgo and Cr-Gego are active
positions to adsorb the ORR species. The adsorption
OOH on Cr-Sisy, Cr-Ceo and Cr-Gego nanocages has
higher Eadsorption than O adsorption and dissociation of
O, molecules on Cr-Sieo, Cr-Cep and Cr-Gego
nanocages has high Eactivation Values. The ORR on Cr-
Sigo, Cr-Ceo and Cr-Geso nanocages is processed by
three pathways. The AEacivation Of -*OH formation on
Cr-Sigo, Cr-Cgo and Cr-Gesp 1 is lower than -*OH, -*O
and H;0 in pathways 2 and 3. The Cr-Siso, Cr-Cgo and
Cr-Geso have higher catalytic activity for ORR
processes than metal-based catalysts and AIN, C, BN,
AIP and BP nanocages and AIN, C, BN, Si, Ge, AIP
and BP nanotubes. The AGreaction OF -*OH formation on
Cr-Sigo, Cr-Cgo and Cr-Gego 1 is higher than -*OH, -
*0 and H,O in pathways 2 and 3. The pathway 1 is
acceptable mechanism for ORR on Cr-Sieo, Cr-Ceso and
Cr-Gego. The over-potential of ORR on Cr-Sigg, Cr-Ceo
and Cr-Gegp are lower than metal-based catalysts. The
Cr-Sisp and Cr-Gego nanocages are proposed to
catalyze the ORR with high efficiency.
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