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Abstract

In this work, the catalytic activity of Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0),
Fe-SiNT (6, 0) as catalysts of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are examined. The Fe
doped Si-nanotubes and Si-nanocages have more negative the formation energy and adoption energy values than Co doped
Si-nanotubes and Si-nanocages. Results indicated that the reactions step of OOH* creation for OER and OH* elimination
for ORR are the potential-determining steps. The *O has the most negative adsorption energy than *OH, *OOH, *H, O,
and H,O species. The H,O is desorbed on Si-nanostructures with low adsorption energy. The Gibbs free energy values of
reaction step 1 and step 2 (OH™ + Si-nanostructure — Si-nanostructure-*OH +e~ — Si-nanostructure -*O +H,0+¢7) on Co
and Fe doped Si-nanostructures are negative values. The overpotential of ORR processes on Co-Sisg, Co-Sig,, Co-SiNT (5,
0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are 1.24, 1.20, 1.15, 1.11, 1.07, 1.04, 1.00 and
0.97 eV. The metal doped Si-nanotubes and Si-nanocages have acceptable potential to catalyze the OER and ORR reactions.
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1 Introduction

In recent years, the new nano-catalysts have been selected
for oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) processes in electrochemistry [1-3]. The
metal based catalysts have low stability and selectivity to
catalyze the ORR and OER processes [4—6]. The metal
doped nanostructures such as nanotubes and nanocages
have been proposed as acceptable catalysts for reactions
in electrochemistry [7-10].

Researchers have been demonstrated that the silicon
nanocages and silicon nanotubes can be utilized for ORR
and OER processes based on their high surface and high
selectivity and high stability [11-13]. Researchers have indi-
cated that the various metal atoms such as Co and Fe can be
doped on silicon nanocages and silicon nanotubes and these
metals are active sites and potential positions of these cata-
lysts to adsorb the important gas molecules [14—16].

Yu and et al. [17, 18] have used the theoretical mod-
els to calculated the effects of point defects on catalytic
activity of silicene and their applications in the Li—O bat-
teries. They have examined the nucleation mechanisms
and decomposition reactions of Li,O, processes on T1,0
in Li — O batteries by theoretical models. They have con-
firmed that the adsorbed LiO on T12 O cannot change the
conductance in ORR and OER processes [17, 18]. They
have indicated that the silicenes can catalyze the ORR and
OER with high efficiency in normal temperature. They
have demonstrated that the silicenes have high perfor-
mance to use in batteries to obtain the ORR intermediates
in normal temperature [17, 18].

Li and et al. [19-21] have examined the activity of NbO,
MoOj;, MnO, and Nb,O5 compounds in reactions of metal
batteries and their catalytic activity for OER and ORR. They
have proposed the new strategies by oxygen deficiency to
improve and increase the catalyst efficiency of OER and
ORR processes. they have indicated that the MoO3 have
important effects to prevent the oxygen production in Li—O
batteries and Na—O batteries. They have confirmed that the
MoO3 can do the reduction of metal peroxides as effective
strategy to avoid the un-normal reactions [19-21].

The potential of Co and Fe doped Si-nanotubes (Co-
SiNT (5, 0), Co-SiNT (6, 0), Fe-SiNT (5, 0) and Fe-SiNT
(6, 0)) and Co and Fe doped Si-nanocages (Co-Si g, Co-Sig,
Fe-Si,g and Fe-Sig) to catalyze the OER and ORR are stud-
ied. The effects of water as solvent on absorption of spe-
cies of ORR and OER on metal doped Si-nanotubes and
Si-nanocages and on catalytic activity of Co and Fe doped
Si-nanotubes and Si-nanocages to catalyze the ORR and
OER processes are examined in normal temperature [22-24].

The formation energy (Eg ai0n) and adoption energy

(E ) of Co-Siyg, Co-Sigg, Co-SiNT (5, 0), Co-SiNT

adoption
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(6, 0), Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are
calculated and compared [25-27]. The adsorption energy
(AE, gsorption) Of Co-Siyg, Co-Sigp, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Si g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) to
adsorb the ORR and OER species (O*, *OH, *OOH, *H,
H,0 and O,) are calculated and compared in gas phase
and water [28-30].

The orbital energy and charge (q) values of Co-Siyg,
Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) are investigated [31]. The
orbital energy and charge (q) values of complexes of metal
doped Si nanocages and Co and Fe doped Si nanotubes with
ORR and OER species including the O*, *OH, *OOH, *H
and O, are calculated [32].

The AG,,ion of OER and ORR reaction steps (OH™ + Si-
nanostructure — Si-nanostructure-*OH + e~
nanostructure -*O + H,0+e~ — Si-nanostructure
-*OOH +e~ — surface* +0,+H,0+¢7) on surfaces of
Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Sigg,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in gas phase and
water are investigated [33]. The overpotential of ORR and
OER on Co-Si g, Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0),
Fe-Siyg, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are exam-
ined [34].

— Si-

2 Computational Details

The structures of Co and Fe doped Si nanocages and Co and
Fe doped Si nanotubes (Co-Sisg, Co-Sigy, Co-SiNT (5, 0),
Co-SiNT (6, 0), Fe-Siyg, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT
(6, 0)) are optimized by M06-2X functional and cc-pVQZ
basis set in GAMESS software [35-37]. The structures of
complexes of Co-Siyg, Co-Sigy, Co-SINT (5, 0), Co-SiNT
(6, 0), Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0)
with ORR and OER processes are optimized by M06-2X
functional and cc-pVQZ basis set [38]. The frequencies of
optimized structures of Co-Si,g, Co-Sigy, Co-SiNT (5, 0),
Co-SiNT (6, 0), Fe-Si g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT
(6, 0) and there are examined by M06-2X functional and
cc-pVQZ basis set [39—41].

The ability of Co-Si,g, Co-Sig;, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Si g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) to

adsorb the species are invesigated by AE, ji,0n Via Eqs. 1

and 2 as following [42]:

AEadsorption = ESi—nanolube—molecule - ESi—nanotube - Emolecule
ey

AE'cldsorption = ESi—nanocage—molecule - ESi—namocage - Emolecule
@)

The ESi—nanolube and ESi»nanocage are total energy of Co and
Fe doped Si-nanotubes (Co-SiNT (5, 0), Co-SiNT (6, 0),
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Fe-SiNT (5, 0) and Fe-SiNT (6, 0)) and Co and Fe doped
Si-nanocages (Co-Si,g, Co-Sig,, Fe-Siyg and Fe-Sig), respec-
tively. The E_, .. are total energy of important species of
ORR and OER processes including the O*, *OH, *OOH, *H,
HZO and 02' The ESi—nanotube—molecule and ESi—nanocage—molecule are
total energy of complexes of Co and Fe doped Si-nanotubes
(Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-SiNT (5, 0) and Fe-SiNT
(6, 0)) and Co and Fe doped Si-nanocages (Co-Sig, Co-Si,
Fe-Si,g and Fe-Sig)) with species including the O*, *OH,
*OOH, *H and O,, respectively.

The main reaction for OER and ORR processes on Co-Siyg,
Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) is presented in Eq. 3 and the

AG,,.i0n of OER and ORR processes are calculated by Eq. 4
as following [43]:

40H™ — O, +2H,0 + 4e~ 3)
A(}reaction = A(“Tadsor];)tion + ACTU + ACTpH (4)

The AG,.,on 18 free Gibbs energy of complexes of Co and
Fe doped Si-nanotubes and Co and Fe doped Si-nanocages
with species and the AGy; is defined by —neU, the U is elec-
trode potential and AG,y is free energy correction [44-46].

The effects of water as solvent on absorption of species on
Co and Fe doped Si-nanotubes and Si-nanocages and on cata-
Iytic activity of Co and Fe doped Si-nanotubes and Si-nanoc-
ages to catalyze the ORR and OER processes are examined by
COSMO ((COnductor-like Screening MOdel)) model [47-50].

The orbital energy and charge (q) values of Co and Fe
doped Si nanocages and Co and Fe doped Si nanotubes
(Co-Siyg, Co-Sigp, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0)) and their complexes
including the O*, *OH, *OOH, *H and O, are calculated by
MO06-2X functional and cc-pVQZ basis set [S1-53].

3 Results and Discussion
3.1 Co and Fe Doped Si-nanostructures

The structures of Co-Si,g, Co-Sig,, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Si g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are
presented in Fig. 1. The important bond lengths of Co-Siyg,
Co-Sig, Co-SiINT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) are reported in Fig. 1. The
formation energy (E; maion) 0f Co-Sisg, Co-Sig,, Co-SINT
(5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) are calculated by Egs. 5 and 6 [54-56]:

Eformation = ESi—nanotube —nk ESi - EMetal (5)

Eformation = ESi—nanocage —m* ESi - EMetal (6)

The ESi—nanotube and ESi—nanocage are total energy of Co and
Fe doped Si-nanotubes (Co-SiNT (5, 0), Co-SiNT (6, 0),
Fe-SiNT (5, 0) and Fe-SiNT (6, 0)) and Co and Fe doped
Si-nanocages (Co-Si,g, Co-Sig,, Fe-Siyg and Fe-Sig), respec-
tively. The Eyy.,, is total energy of an Fe and Co atoms in
their bulk crystal. The n is the number of silicon atoms in
Co and Fe doped Si-nanocages (Co-Sisg, Co-Sig, Fe-Siyg
and Fe-Sig,) and the m is the number of silicon atoms in Co
and Fe doped Si-nanotubes (Co-SiNT (5, 0), Co-SiNT (6,
0), Fe-SiNT (5, 0) and Fe-SiNT (6, 0)).

The formation energy (Ej ;aion) Of Co-Sisg, Co-Sig, Co-
SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,q, Fe-Sig,, Fe-SiNT (5,
0), Fe-SiNT (6, 0) are reported in Table 1. In gas phase, the
Eformation ©f Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-SiNT (5,
0) and Fe-SiNT (6, 0) are -4.35, -4.45, -4.79 and -4.90 eV,
respectively. In gas phase, the E; . .i0n Of Co-Siyg, Co-Sig,
Fe-Si,g and Fe-Sig, are -4.15, -4.25, -4.56 and -4.67 eV,
respectively. In water, the E¢ ..o, Of Co-SiNT (5, 0), Co-
SiNT (6, 0), Fe-SiNT (5, 0) and Fe-SiNT (6, 0) are -5.37,
-5.50,-5.91 and -6.05 eV. The E;, . - ion Of Co-Sigg, Co-Sigy,
Fe-Si,g and Fe-Sig, are -5.11, -5.24, -5.63 and -5.77 eV,
respectively.

The adoption energy (E,gqpion) Of Co-Siyg, Co-Sig, Co-
SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,q, Fe-Sig,, Fe-SiNT (5,
0), Fe-SiNT (6, 0) are calculated by Eqs. 7 and 8 [57-59]:

Eadoption = EMetal—Si—nanotube - ESi—nanocage - EMeta] @)

Eadoplion = EMetal—Si—nanocage - ESi—nanocage - EMetal (8)

The By, 1s total energy of an Fe and Co atoms in their
bulk CryStal- The EMelal—Si—nzmotube and EMetal—Si-nanocage are
total energy of Co-Siyg, Co-Sig, Co-SiNT (5, 0), Co-SINT
(6, 0), Fe-Si,g, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6, 0),
respectively. The Eg; nowpe @0d Egj_panocage are total energy
of Si-nanotubes (SiNT (5, 0), SiNT (6, 0), SiNT (5, 0) and
SiNT (6, 0)) and Si-nanocages (Siyg, Sigy, Sizg and Sig),
respectively.

The adoption energy (E,gqpion) Of Co-Siyg, Co-Sigp, Co-
SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SiNT (5,
0), Fe-SiNT (6, 0) are reported in Table 1. In gas phase, the
E.doption ©f Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-SiNT (5,
0) and Fe-SiNT (6, 0) are -3.13, -3.27, -3.71 and -3.87 €V,
respectively. In gas phase, the E, 0, 0f Co-Siyg, Co-Sigy,
Fe-Si,q and Fe-Sig, are -2.88, -3.00, -3.41 and -3.56 eV,
respectively. In water, the E, ., 0f Co-SINT (5, 0), Co-
SiNT (6, 0), Fe-SiNT (5, 0) and Fe-SiNT (6, 0) are -3.86,
-4.03, -4.58 and -4.78 eV, respectively. In water, the E g ion
of Co-Siyg, Co-Sig, Fe-Siyg and Fe-Sig, are -3.55, -3.70,
-4.21 and -4.39 eV, respectively.

The E goption aNd Egyrmaiion Values of Co-Siyg, Co-Sig,
Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SINT
(5, 0), Fe-SiNT (6, 0) are negative values and these metal

@ Springer
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O-Fe-Sigs

Fe---Si, 2.571 A and Si---Si, 2.312 A | Fe---O, 1.861 A and Si---0, 1.624 A

H-O-Fe-Siss
Fe---0, 1.863 A and O---H, 1.173 A

0-0-Fe-Siss
Fe---O, 1.864 A and 0---0, 1.473 A

LY

H-0-O-Fe-Siss
Fe---0, 1.863 A and 0---0, 1.472 A

H,0-Fe-Siss
Fe---Si, 2.573 A and Si---Si, 2.315 A

Co-Siss
Co---Si, 2.922 A and Si---Si, 2.313 A

0-Co-Siys
Co---0, 1.934 A and Si---O, 1.623 A

H-0-Co-Sis
Co---0, 1.932 A and O---H, 1.175 A

0-0-Co-Sigs
Co---0,1.935 A and 0---0, 1473 A

A

H-0-0-Co-Siss
Co---0, 1.934 A and 0---0, 1.473 A

H;0-Co-Siss
Co---Si, 2.923 A and Si---Si, 2.317 A

Co-SiNT(5, 0)
Co---Si, 2.924 A and Si---Si, 2.313 A

_ A,
H-0-Co-SiNT(5, 0)
Co---0,1.932 A and O---H, 1.176 A

0-0-Co-SiNT(5, 0)
Co---0, 1.934 A and 0---0, 1.476 A

A
H-0-0-Co-SiNT(5, 0)
Co---0, 1.932 A and 0---0, 1.476 A

Co---Si, 2.927 A and Si---Si, 2.313 A

Fig. 1 The structures of metal doped Si-nanostructures and their complexes of ORR and OER species and their important bond lengths

doped Si-nanotubes and Si-nanocages are stable from ther-
modynamic view point. The E, o, 0n and Egoppyaiion Values of
Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are negative values
and these metal doped Si-nanotubes and Si-nanocages are
stable from thermodynamic view point.

The calculated orbital energy of HOMO (Eygp0), LUMO
(ELymo) and HOMO-LUMO gap (Ey; - Exomo —ELumo)
and charge (q) values of Co-Sisg, Co-Sig,, Co-SiNT (5, 0),
Co-SiNT (6, 0), Fe-Si g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT

@ Springer

(6, 0) are presented in Table 2. The Eyy; ; values of Co-Sigg,
Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) are 2.04, 1.86, 1.68, 1.49,
1.31, 1.13, 0.93 and 0.67 eV, respectively. The q values of
Co-Siyg, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Sigg,
Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are 0.912, 0.925,
0.938, 0.952, 0.966, 0.978, 0.990 and 0.998 e, respectively.
The Fe doped Si-nanotubes and Si-nanocages have lower
Ey; g values and higher q values than Co doped Si-nano-
tubes and Si-nanocages. The metal doped Si-nanotubes have
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Co-SiNT(, 0)
Co---Si, 2.924 A and Si---Si, 2.313 A

0-Co-SiNT(5, 0)
Co---0, 1.934 A and Si-—-0, 1.624 A

_ A
H-0-Co-SiNT(5, 0)
Co---0, 1.932 A and O---H, 1.176 A

0-0-Co-SiNT(5, 0)
Co---0, 1.934 A and 0---0, 1.476 A

H-0-0-Co-SiNT(5, 0)
Co---0, 1.932 A and 0---0, 1.476 A

H;0-Co-SiNT(5, 0)
Co---Si, 2.927 A and Si---Si, 2.313 A

Sa

p » s . 83
Fe-Sigo O-Fe-Sig) H-0O-Fe-Sig 0-0-Fe-Sig
Fe---Si, 2.576 A and Si---Si, 2.312 A Fe---0, 1.867 A and Si-—-0, 1.624 A Fe---0O, 1.865 A and O---H, 1.176 A Fe---0, 1.864 A and O---0, 1.476 A
]

H-0-O-Fe-Sig H:O-Fe-Sigo
Fe---O, 1.865 A and O---O, 1.473 A | Fe---Si, 2.576 A and Si---Si, 2.312 A

Co-Sig
Co---Si, 2.923 A and Si---Si, 2.314 A

Co---0, 1.934 A and Si---0, 1.624 A

b A%

1)

H-0-Co-Sig 0-0-Co-Sig
Co---0, 1.935 A and O---H, 1.177 A | Co---0, 1.934 A and O---0, 1.478 A

H-0-0-Co-Sig
Co---0, 1.934 A and 0---0, 1.476 A

Co-Sigo
Co---Si, 2.926 A and Si---Si, 2.314 A

Fig.1 (continued)

lower Eyy;  values and higher q values than Co and Fe doped
Si-nanocages.

3.2 Adsorption of ORR and OER Species on Metal
Doped Si-Nanostructures

The potential of Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-
SiNT (6, 0), Fe-Sig, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6,
0) to adsorb the ORR and OER species (O*, *OH, *OOH,
*H, H,0O and O,) are calculated by AE via Egs. 1

adsorption

and 2. The AE, 4 ,pi0n ©f ORR and OER species (O*, *OH,
*OOH, *H, H,0 and O,) on Co-Si,g, Co-Sig;, Co-SiNT (5,
0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) are reported in Table 1. The structures of com-
plexes of Co-Siyg, Co-Sig,, Co-SiNT (5, 0), Co-SiNT (6,
0), Fe-Sig, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6, 0) with
species are presented in Fig. 2. The important bond lengths
of complexes of Fe- and Co-doped Si-nanostructures with
OER and ORR species are reported in Fig. 2.

@ Springer
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Fe-SiNT(6, 0)

Fe---Si, 2.576 A and Si--Si, 2.312 A

H-O-Fe-SiNT(6, 0)
Fe---0, 1.865 A and O-—-H, 1.176 A

H:0-Fe-SiNT(6, 0)
Fe---Si,2.578 A and Si-—Si, 2.313 A

Co-SiNT(6, 0)
Co---Si, 2.924 A and Si-—-Si,2.316 A

0-Co-SiNT(6, 0)
Co-—0, 1.932 A and Si-—0, 1.626 A

H-0-Co-SiNT(6, 0)
Co---0, 1934 A and O-—-H, 1.176 A

- —
0-0-Co-SiNT(6, 0)
Co---0, 1.933 A and 0---0, 1.478 A

Ppr—— A
H-0-0-Co-SiNT(6, 0)
Co---0, 1.934 A and 0--0, 1.475 A

A
H,0-Co-SiNT(6, 0)
Co---8i, 2.923 A and Si---Si, 2.312 A

Fig.1 (continued)

In gas phase, the AE, g o pion Of *OH on Co-Siyg, Co-Sig,
Co-SiNT (5, 0) and Co-SiNT (6, 0) are -3.26, -3.48, -3.71
and -3.96 eV, respectively. The AE, 44pion Of *OH on
Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are
-4.21, -4.51, -4.81 and -5.13 eV, respectively. In gas phase,
the AE, ysorption Of O, 0n Co-Siyg, Co-Sigy, Co-SiNT (5, 0)
and Co-SiNT (6, 0) are -0.45, -0.48, -0.51 and -0.55 eV,
respectively. The AE, 00 Of O, on Fe-Siyg, Fe-Siq, Fe-
SiNT (5, 0), Fe-SiNT (6, 0) in water are -0.72, -0.77, -0.82
and -0.87 eV, respectively.

@ Springer

In gas phase, the AE, g opion Of *O on Co-Siyg, Co-Sigy,
Co-SiNT (5, 0) and Co-SiNT (6, 0) are -3.54, -3.78, -4.03
and -4.30 eV, respectively. The AE, 4. pion Of *O on Fe-Siyg,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are -5.66,
-6.04, -6.45 and -6.68 eV, respectively. In gas phase, the
AE gsorption Of *OOH on Co-Siyg, Co-Sigy, Co-SiNT (5, 0)
and Co-SiNT (6, 0) are -1.73, -1.84, -1.97 and -2.10 eV,
respectively. The AE, 00 0f *OOH on Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are -2.76, -2.95,
-3.14 and -3.35 eV, respectively.
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Table 1 The Eg .o in €V and E

adoption

doped Si-nanostructures at T=298 K in gas phase and water

in eV of metal doped Si-nanostructures in gas phase and water, the AE

adsorption

in eV of species on metal

Catalysts

Eformation

E

Catalysts

Eformation

E

adoption adoption
in gas phase in gas phase in water in water
Co-Siyg -4.15 -2.88 Co-Siyg -5.11 -3.55
Co-Sig -4.25 -3.00 Co-Sig -5.24 -3.70
Co-SiNT(5,0)  -4.35 -3.13 Co-SiNT(5, 0) -5.37 -3.86
Co-SiNT(6,0)  -4.45 -3.27 Co-SiNT(6, 0) -5.50 -4.03
Fe-Siyg -4.56 -3.41 Fe-Siyg -5.63 -4.21
Fe-Sig, -4.67 -3.56 Fe-Sig, -5.77 -4.39
Fe-SiNT(5,0)  -4.79 -3.71 Fe-SiNT(5, 0) -5.91 -4.58
Fe-SiNT(6,0)  -4.90 -3.87 Fe-SiNT(6, 0) -6.05 -4.78
AE gsorption Il a8 phase
Catalysts Co-Siyg Co-Sigy  Co-SiNT Co-SiNT  Fe-Siyg Fe-Sig, Fe-SiNT Fe-SiNT
5,0 (6,0) 5,0) (6,0)
Catalyst-*OH -3.26 -3.48 -3.71 -3.96 -4.22 -4.51 -4.81 -5.13
Catalyst-*O -3.54 -3.78 -4.03 -4.30 -4.59 -4.90 -5.22 -5.57
Catalyst-*OOH  -1.73 -1.84 -1.97 -2.10 -2.24 -2.39 -2.55 -2.72
Catalyst-O, -0.45 -0.48 -0.51 -0.55 -0.58 -0.62 -0.66 -0.71
Catalyst-H,O -0.23 -0.25 -0.27 -0.28 -0.30 -0.32 -0.35 -0.37
Catalyst-H* -0.20 -0.22 -0.23 -0.25 -0.27 -0.28 -0.30 -0.32
AE, ggorption 111 Water
Catalysts Co-Siyg Co-Sigy  Co-SiNT Co-SiNT  Fe-Sig Fe-Sig, Fe-SiNT Fe-SiNT
(5,0) (6,0) (5,0) (6,0)
Catalyst-*OH -4.02 -4.29 -4.58 -4.88 -5.21 -5.56 -5.93 -6.33
Catalyst-*O -4.37 -4.66 -4.97 -5.31 -5.66 -6.04 -6.45 -6.88
Catalyst-*OOH  -2.13 -2.27 -2.43 -2.59 -2.76 -2.95 -3.14 -3.35
Catalyst-O, -0.55 -0.59 -0.63 -0.67 -0.72 -0.77 -0.82 -0.87
Catalyst-H,0O -0.29 -0.31 -0.33 -0.35 -0.37 -0.40 -0.43 -0.45
Catalyst-H* -0.25 -0.27 -0.29 -0.31 -0.33 -0.35 -0.37 -0.40
The *O has the most negative AE, g orpion than *OH,  3.403, 3.046, 2.692, 2.362, 2.033, 1.714 and 1.404 eV,

*OOH, *H, O, and H,O species on Co-Si,g, Co-Sig;, Co-
SiNT (5, 0), Co-SiNT (6, 0), Fe-Sig, Fe-Sig, Fe-SiNT (5,
0), Fe-SiNT (6, 0) in gas phase and water. The *H and H,O
species have the lowest AE, 4o than *OH, *OOH, *O
and O, species on Co-Sig, Co-Sig), Co-SiNT (5, 0), Co-
SiNT (6, 0), Fe-Siyg, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6,
0) in gas phase and water. The H,O is adsorbed on Co-Siyg,
Co-Sig, Co-SINT (5, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) with Iow AE, g o pion I gas
phase and water, so it can be desorbed from surfaces of cata-
lysts with low energy. The H,O desorption is final step of
ORR and OER processes and Co-Sisg, Co-Sigy, Co-SiNT
(5, 0), Co-SiINT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SiNT (35, 0), Fe-
SiNT (6, 0) have acceptable potential to desorb the H,O in
normal temperature.

The calculated orbital energy of and charge (q) values of
complexes of metal doped Si-nanostructures with species
are presented in Table 2. The Eyy; 5 values of complexes of
*OH with Co-Siyg, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0),
Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are 3.771,

respectively. The Ey; 5 values of complexes of H,O with
Co-Sig, Co-Sig), Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyq,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are 3.032, 2.736,
2.449,2.169, 1.899, 1.636, 1.378 and 1.128 eV, respectively.
The Eyy;  values of complexes of O, with Co-Sig, Co-Sigy,
Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,q, Fe-Sig,, Fe-SiNT
(5, 0), Fe-SiNT (6, 0) are 3.372, 3.043, 2.723,2.413, 2.111,
1.819, 1.533 and 1.255 eV, respectively.

The q values of complexes of *OOH with Co-Sigg,
Co-Sig, Co-SINT (5, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) are 0.816, 0.828, 0.840,
0.852, 0.865, 0.877, 0.890 and 0.816 e, respectively. The q
values of complexes of *O with Co-Si,g, Co-Sigy, Co-SiNT
(5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) are 0.891, 0.904, 0.917, 0.930, 0.944, 0.957,
0.971 and 0.891 e, respectively. The q values of complexes
of *H on Co-Si g, Co-Sig, Co-SiNT (5, 0), Co-SiNT (6,
0), Fe-Si,g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are
0.315, 0.319, 0.324, 0.329, 0.333, 0.338, 0.343 and 0.315
e, respectively.
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Table 2 The Eyopnor ELomo

and Eyy; ¢ in eV and charge Catalysts Enomo ELumo By Charge (q)
(q) in e of metal doped Co-Siyg -5.22 -3.18 2.04 0.912
Si-nanostructures and their Co-Sig, -5.11 -3.25 1.86 0.925
complexes with species Co-SiNT(5,0)  -5.01 333 1.68 0.938
Co-SiNT(6,0)  -4.92 -3.41 1.49 0.952
Fe-Si,g -4.81 -3.49 1.31 0.966
Fe-Sig, -4.70 -3.57 1.13 0.978
Fe-SiNT(5,0) -4.61 -3.67 0.93 0.990
Fe-SiNT(6,0)  -4.51 -3.75 0.76 0.998
Enomo in eV
Catalysts Co-Siyg  Co-Sigy Co-SINT  Co-SiNT  Fe-Siyg Fe-Sigy, Fe-SiNT Fe-SiNT
(5,0) (6, 0) (5,0) (6, 0)
Catalyst-*OH  -6.779  -6.484  -6.203 -5.933 -5.676  -5.428 -5.193 -4.967
Catalyst-*O -6.716  -6.424  -6.145 -5.878 -5.622  -5.377  -5.144 -4.920
Catalyst-*OOH  -6.154  -5.887  -5.630 -5.385 -5.152 -4.927  -4.714 -4.509
Catalyst-O, -6.063  -5.800  -5.548 -5.307 -5.076  -4.856  -4.645 -4.443
Catalyst-H,0O -5.450  -5213  -4.987 -4.770 -4.563 -4.365 -4.174 -3.993
Catalyst-H* -5211 4985  -4.768 -4.561 -4362  -4.173  -3.992 -3.818
E ymoineV
Catalysts Co-Siyg  Co-Sigy Co-SINT  Co-SiNT  Fe-Siyg Fe-Sigy, Fe-SiNT Fe-SiNT
(5,0) (6, 0) (5,0) (6, 0)
Catalyst-*OH  -3.008 -3.145 -3.288 -3.437 -3.593  -3.757  -3.928 -4.106
Catalyst-*O -2.98 -3.115  -3.257 -3.405 -3.56 -3.722 -3.891 -4.068
Catalyst-*OOH -2.731  -2.855  -2.985 -3.12 -3262  -341 -3.565 -3.727
Catalyst-O, -2.691 2813  -2.941 -3.074 -3.214  -3.36 -3.513 -3.673
Catalyst-H,O -2.418  -2.528  -2.643 -2.763 -2.889  -3.02 -3.158 -3.301
Catalyst-H* -2312 2417 2527 -2.642 -2.762  -2.888  -3.019 -3.156
EygineV
Catalysts Co-Siyg  Co-Sigy Co-SINT  Co-SiNT  Fe-Siyg Fe-Sigy, Fe-SiNT Fe-SiNT
(5,0) (6, 0) (5,0) (6, 0)
Catalyst-*OH  3.771 3.403 3.046 2.699 2362 2033 1.714 1.404
Catalyst-*O 3.736 3.371 3.017 2.673 2339 2014  1.698 1.390
Catalyst-*OOH  3.423 3.089 2.764 2.449 2.143  1.845  1.556 1.274
Catalyst-O, 3.372 3.043 2.723 2413 2.111 1.819 1533 1.255
Catalyst-H,0O 3.032 2.736 2.449 2.169 1.899  1.636  1.378 1.128
Catalyst-H* 2.899 2.616 2.342 2.075 1.815 1564  1.318 1.079
Charge (q) ine
Catalysts Co-Siyg  Co-Sigy Co-SiNT ~ Co-SiNT  Fe-Siyg Fe-Sigy, Fe-SiNT Fe-SiNT
(5,0) (6, 0) 5,0) (6, 0)
Catalyst-*OH  0.899 0912  0.926 0.939 0953  0.966  0.980 0.899
Catalyst-*O 0.891 0.904 0.917 0.930 0944 0957 0971 0.891
Catalyst-*OOH 0.816 0.828 0.840 0.852 0.865 0.877  0.890 0.816
Catalyst-O, 0.503 0.511 0.518 0.526 0.533  0.541 0549 0.503
Catalyst-H,0O 0.421 0.427 0.433 0.440 0.446 0452 0459 0.421
Catalyst-H* 0.315 0.319 0.324 0.329 0333 0.338  0.343 0.315

The *O has the lowest Ey; g values and the highest  Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0). The *H and H,O
q values than *OH, *OOH, *H, O, and H,O species on  species have the highest Ey; ; values and the lowest q
Co-Siyg, Co-Sigy, Co-SINT (35, 0), Co-SiNT (6, 0), Fe-Siyg,
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Fig.2 The chart of AG ., ion ©
metal doped Si-nanostructures
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values than *OH, *OOH, *O and O, species on Co and Fe
doped Si-nanotubes and Co and Fe doped Si-nanocages.

3.3 ORR and OER Mechanisms on Metal Doped
Si-Nanostructures

In the ORR and OER processes as the first step the O, mol-
ecules are adsorbed on Co-Siyg, Co-Sigy, Co-SiNT (5, 0),
Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT
(6, 0). In the next step for ORR and OER processes the
adsorbed O, molecules are joined to *H and then the *OOH
is created on surfaces of Co-Siyg, Co-Sig,, Co-SiNT (5, 0),
Co-SiNT (6, 0), Fe-Si g, Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT
(6, 0). The adsorption of O, molecules and the creation of
*OOH on surfaces of Co-Siyg, Co-Sigp, Co-SiNT (5, 0), Co-
SiNT (6, 0), Fe-Si g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0)
have low activation barrier energy in normal temperature. It
can be concluded that the formation of *OOH on surfaces of
Co-Siyg, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Sigg,
Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6, 0) can be considered
as the first step for ORR and OER processes.

The overall reaction steps for ORR and OER processes
through 4 electron reaction steps on surfaces of Co-Siyg,
Co-Sig, Co-SINT (5, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,

ORR and OER processes

o—Co-Sid8
Co-Si60
—o—Co-SiNT (5, 0)
—o—Co-SiNT (6, 0)
—o—Fe-Sid8
—o—Fe-Si60
—e—Fe-SiNT (5, 0)

o Fe-SiNT (6, 0)

* -0.98

Fe-SiNT (5, 0), Fe-SiNT (6, 0) can be calculated via Egs. 9,
10, 11 and 12 as following [60-62]:

step 1) OH™ + Si-nanostructure — Si-nanostructure-
*OH+e.” (9)

step 2) OH™ + Si-nanostructure -*OH — Si-nanostructure
-*0+H,0+e.” (10)

step 3) OH™ + Si-nanostructure -*O — Si-nanostructure
-*O0OH+e.” (11)

step 4) OH™ + Si-nanostructure -*OOH — sur-
face*+0,+H,0+e.” (12)

The calculated AG,.,.i,, Oof these reaction steps
(OH™ + Si-nanostructure — Si-nanostructure-
*OH+e~ — Si-nanostructure -*O +H,0+e~ — Si-nano-
structure -*OOH+e~ — surface® + 0, +H,0+¢") on sur-
faces of Co-Siyg, Co-Sig,, Co-SiNT (5, 0), Co-SiNT (6, 0),
Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in gas phase
and water are presented in Table 3. The calculated overpo-
tential of OER and ORR (nggg and nggrg) processes on sur-
faces of Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0),
Fe-Siyg, Fe-Sig, Fe-SiNT (35, 0), Fe-SiNT (6, 0) in gas phase
and water are reported in Table 3. The chart of AG,_, o, Of
ORR and OER processes on surfaces of Co-Sig, Co-Sig,
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Table 3 The AG
metal doped Si-nanostructures in gas phase and water

reaction 111 €V Of reaction steps on metal doped Si-nanostructures at T=298 K in gas phase and water and overpotential in V on

AG sci0n 1 gas phase
Catalysts Co-Siyg Co-Sigy  Co-SiNT

(5.0
OH™ —*OH -0.62 -0.67 -0.71
OH™ +*0OH—*0+H,0 -0.34 -0.36 -0.39
OH™ +*0—*0O0OH 1.50 1.48 1.46
OH™ +*OOH—0,+H,0  0.66 0.64 0.62
AGgsciion in Water
Catalysts Co-Siyg Co-Sigy ~ Co-SiNT

(5.0
OH™ — *OH -0.77 -0.82 -0.88
OH™ +*0OH—*0+H,0 -0.42 -0.45 -0.48
OH™ +*0—*0OOH 1.22 1.20 1.18
OH™ +*OOH—0,+H,0  0.54 0.52 0.50
Catalysts NoER NORR

in gas phase in gas phase

Co-Siyg 1.54 1.37
Co-Sig 1.48 1.32
Co-SiNT(5, 0) 1.43 1.28
Co-SiNT(6, 0) 1.38 1.23
Fe-Si,g 1.32 1.19
Fe-Sig, 1.28 1.15
Fe-SiNT(5, 0) 1.23 1.11
Fe-SiNT(6, 0) 1.18 1.07

Co-SiNT Fe-Siyg Fe-Sig,  Fe-SiNT Fe-SiNT
(6, 0) (5,0) (6, 0)
-0.76 -0.81 -0.86 -0.92 -0.98
-0.41 -0.44 -0.47 -0.50 -0.54
1.44 1.41 1.39 1.37 1.35
0.60 0.58 0.55 0.54 0.52
Co-SiNT Fe-Siyg Fe-Sig,  Fe-SiNT Fe-SiNT
(6,0) (5.0 (6,0)
-0.94 -1.00 -1.07 -1.14 -1.21
-0.51 -0.55 -0.58 -0.62 -0.66
1.16 1.15 1.13 1.11 1.09
0.48 0.47 0.45 0.43 0.42
Catalysts NoER Torr
in water in water
Co-Siyg 1.38 1.24
Co-Sigg 1.33 1.20
Co-SiNT(5, 0) 1.28 1.15
Co-SiNT(6, 0) 1.24 1.11
Fe-Siyg 1.19 1.07
Fe-Sig, 1.15 1.04
Fe-SiNT(5, 0) 1.10 1.00
Fe-SiNT(6, 0) 1.06 0.97

Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,q, Fe-Sig,, Fe-SiNT
(5, 0), Fe-SiNT (6, 0) are presented in Fig. 2.

In the step 1 (OH™ + Si-nanostructure — Si-nanostruc-
ture-*OH +¢7) the OH is adsorbed on surface of Co-Sigg,
Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0). The AG,.,(i0on Values of
this step on Co-Sisg, Co-Sigy, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in
gas phase are -0.62, -0.67, -0.71, -0.76, -0.81, -0.86, -0.92
and -0.98 eV. The AG,,,n Values of this step on Co-Siyg,
Co-Sig, Co-SINT (35, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are -0.77, -0.82,
-0.88,-0.94, -1.00, -1.07, -1.14 and -1.21 eV, respectively.

In the step 2 (OH™ + Si-nanostructure -*OH — Si-nano-
structure -*O+H,0+¢7) the *OH on surfaces of Co-Siyg,
Co-Sig, Co-SINT (5, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) is adsorbed the other OH™.
The H,0O molecule is released from surfaces of Co-Siyg,
Co-Sig, Co-SiINT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) and the Si-nanostructure
-*Q is created [63—-65]. The AG,,;n Values of this step on
Co-Si,g, Co-Sigy, Co-SINT (5, 0), Co-SiNT (6, 0), Fe-Sigg,
Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in gas phase are
-0.34, -0.36, -0.39, -0.41, -0.44, -0.47, -0.50 and -0.54 eV.
The AG,,.ion Values of this step on Co-Siyg, Co-Sigy,
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Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,q, Fe-Sig,, Fe-SiNT
(5, 0), Fe-SiNT (6, 0) in water are -0.42, -0.45, -0.48, -0.51,
-0.55, -0.58, -0.62 and -0.66 eV, respectively.

In step 3 (OH™ + Si-nanostructure -*O — Si-nanostruc-
ture -*OOH +¢e7) the Si-nanostructure -*O is adsorbed the
other OH™ on surfaces of Co-Sig, Co-Sigy, Co-SiNT (5,
0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) and the Si-nanostructure -*OOH is created. The
AG,,qion Values of this step on Co-Sisg, Co-Sig,, Co-SiNT
(5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) in gas phase are 1.50, 1.48, 1.46, 1.44, 1.41,
1.39, 1.37 and 1.35 eV. The AG,,, ., Values of this step on
Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Sigg,
Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) in water are 1.22,
1.20, 1.18, 1.16, 1.15, 1.13, 1.11 and 1.09 eV, respectively.

In step 4 (OH™ + Si-nanostructure -*OOH — sur-
face* + O, +H,0 +¢e7) the Si-nanostructure -*OOH is
adsorbed the other OH™ and the second H,O molecule is
released from surfaces of Co-Sig, Co-Sigy, Co-SiNT (5,
0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-
SiNT (6, 0). The AG,,ion Values of this step on Co-Siyg,
Co-Sig, Co-SINT (35, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) in gas phase are 0.66, 0.64,
0.62, 0.60, 0.58, 0.55, 0.54 and 0.52 eV, respectively. The
AG,,i0n Values of this step on Co-Siyg, Co-Sigp, Co-SiNT
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(5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig, Fe-SiNT (5, 0), Fe-
SiNT (6, 0) in water are 0.54, 0.52, 0.50, 0.48, 0.47, 0.45,
0.43 and 0.42 eV.

The overpotential of OER processes on Co-Si,g, Co-Sig,
Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig, Fe-SiNT
(5, 0), Fe-SiNT (6, 0) in gas phase are 1.54, 1.48, 1.43, 1.38,
1.32,1.28, 1.23 and 1.18 eV, respectively. The overpotential
of ORR processes on Co-Sig, Co-Sig, Co-SiNT (5, 0), Co-
SiNT (6, 0), Fe-Siyg, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6,
0) in gas phase are 1.38, 1.33, 1.28, 1.24, 1.19, 1.15, 1.10
and 1.06 eV.

Results indicated that the reactions step for OOH* crea-
tion for OER processes is the potential-determining step on
Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg,
Fe-Sig,, Fe-SiNT (5, 0), Fe-SiNT (6, 0) [66]. The poten-
tial-determining step for ORR processes is the step of OH*
elimination from surfaces of Co-Si,g, Co-Sigy, Co-SiNT (5,
0), Co-SiINT (6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-
SiNT (6, 0).

The overpotential of OER processes on Co-Si,g, Co-Sig,
Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si g, Fe-Sig,, Fe-SiNT
(5, 0), Fe-SiNT (6, 0) in water are 1.37, 1.32, 1.28, 1.23,
1.19, 1.15, 1.11 and 1.07 eV, respectively. The overpotential
of ORR processes on Co-Siyg, Co-Sigy, Co-SiNT (3, 0), Co-
SiNT (6, 0), Fe-Siyg, Fe-Sigy, Fe-SiNT (5, 0), Fe-SiNT (6,
0) in water are 1.24, 1.20, 1.15, 1.11, 1.07, 1.04, 1.00 and
0.97 eV, respectively.

The AG,,i0n Values of reaction steps 1 and 2 of ORR and
OER processes on Co-Sig, Co-Sigy, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Siyg, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) are
negative values. The Fe doped Si-nanotubes and Si-nanoc-
ages for reaction steps of ORR and OER processes have more
negative the AG,.,o, Values than Co doped Si-nanotubes and
Si-nanocages. The Co and Fe doped Si-nanotubes for reac-
tion steps of ORR and OER processes have more negative
AG,,i0n Values than Co and Fe doped Si-nanocages. Finally,
the Co and Fe doped Si-nanotubes and Si-nanocages (Co-Siyg,
Co-Sig, Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Siyg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0)) have acceptable potential to
catalyze the OER and ORR processes.

4 Conclusion

The potential of Co-Si,g, Co-Sigy, Co-SiNT (5, 0), Co-SiNT
(6, 0), Fe-Si,g, Fe-Sig, Fe-SiNT (5, 0), Fe-SiNT (6, 0) to
catalyze the ORR and OER are investigated in gas phase
and water. Tthe E; . ion Of Co-Sisg, Co-Sig,, Fe-Siyg and
Fe-Sig are -4.15, -4.25, -4.56 and -4.67 eV, respectively.
The E,gopiion 0f Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-SiNT (5,
0) and Fe-SiNT (6, 0) are -3.86, -4.03, -4.58 and -4.78 eV,
respectively. The Fe doped Si-nanotubes and Si-nanocages
have lower Ey;  values and higher q values than Co doped

Si-nanotubes and Si-nanocages. The H,O is adsorbed on Si-
nanostructures with low AE, o ion, SO it can be desorbed
from surfaces of catalysts with low energy. The reaction
steps of ORR on Si-nanostructures are OH™ + Si-nano-
structure — Si-nanostructure-*OH + e~ — Si-nanostructure
-¥*0+4+H,0+e~ — Si-nanostructure -*OOH +e~ — sur-
face* + O, +H,0+e". In the step 1 the AG, ;. ion ON
Co-Siyg, Co-Sigy, Co-SiNT (5, 0) and Co-SiNT (6, 0) are
-0.62, -0.67, -0.71 and -0.76 eV. The AG,_,.ion Of step 2
on Fe-Si,g, Fe-Sig,, Fe-SiNT (5, 0) and Fe-SiNT (6, 0) are
-0.44, -0.47, -0.50 and -0.54 eV, respectively. Results indi-
cated that the reactions step of OOH* creation for OER
and OH* elimination for ORR are the potential-determin-
ing steps. The overpotential of OER processes on Co-Siyg,
Co-Sig, Co-SiINT (5, 0), Co-SiNT (6, 0), Fe-Sisg, Fe-Sig,
Fe-SiNT (5, 0), Fe-SiNT (6, 0) in gas phase are 1.54, 1.48,
1.43,1.38, 1.32, 1.28, 1.23 and 1.18 eV. Finally, the Co and
Fe doped Si-nanotubes and Si-nanocages (Co-Si,g, Co-Sigy,
Co-SiNT (5, 0), Co-SiNT (6, 0), Fe-Si,g, Fe-Sig,, Fe-SINT
(5, 0), Fe-SiNT (6, 0)) have acceptable potential to catalyze
the OER and ORR processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12633-024-02915-y.
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