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ABSTRACT: Since nonmetal (NM)-doped two-dimensional
(2D) materials can effectively modulate their physical properties
and chemical activities, they have received a lot of attention from
researchers. Therefore, the stability, electronic properties, and
electrocatalytic water splitting activity of precious-metal (PM)-
adsorbed silicene doped with two NM atoms are investigated based
on density functional theory (DFT) in this paper. The results show
that NM doping can effectively improve the stability of PM-
adsorbed silicene and exhibit rich electronic properties. Meanwhile,
by comparing the free energies of the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) intermediates of 15
more stable NM-doped systems, it can be concluded that the electrocatalytic water splitting activity of the NM-doped systems is
more influenced by the temperature. Moreover, the Si−S2−Ir-doped system exhibits good HER performance when the temperature
is 300 K, while the Si−N2−Pt-doped system shows excellent OER activity. Our theoretical study shows that NM doping can
effectively promote the stability and electrocatalytic water splitting of PM-adsorbed silicene, which can help in the application of
silicene in electrocatalytic water splitting.

1. INTRODUCTION
Hydrogen production by water electrolysis has been
considered by researchers and industries as a simple and
nonpolluting method to mitigate the energy crisis, but its
application is limited by the low conversion efficiency of
electrolytic water.1−3 Water electrolysis consists of oxygen
evolution reaction (OER) at the anode4 and hydrogen
evolution reaction (HER) at the cathode.5 Therefore, the
use of cathode and anode materials with strong stability and
high reactivity is a prerequisite to guarantee the increased
conversion efficiency of hydrogen production from electrolytic
water. In addition, from the kinetic point of view, the OER
process of the anode is slow, which can hinder the whole water
electrolysis process.4,6−9 Therefore, the search for catalysts
with high electrolytic water reaction activity has become an
urgent problem.
In recent years, two-dimensional (2D) materials have

attracted much attention in catalysis and other fields due to
their unique structure and electronic properties.10−13 Gra-
phene and its derivatives9,14−23 and monolayer transition-metal
chalcogenides (TMCs)24−32 are the more widely used two-
dimensional materials in the field of electrocatalysis. For
example, due to the low electrochemical activity of graphene,
graphene can be made better electrochemically active by defect
engineering33−35 and using dopant36−39 and functional
groups40,41 that can modulate the electronic states at the
Fermi energy level. In contrast to graphene, the derivatives of
graphene have abundant electronic states and strong stability,

which are often used in electrocatalytic reactions.12 For
example, Qiao et al.42,43 combined g-C3N4 and N-doped
graphene to render this composite material with strong
stability and high activity for the HER. However, TMCs can
be directly used in some catalytic reactions, and also, their
electronic properties and catalytic activity can be regulated by
methods of surface modification44−48 and introduction of
defects.49,50 For example, a single-layer WS2 nanosheet exhibits
excellent activity for the HER,32 while single-layer MoS2 is
required to improve the electrocatalytic reaction performance
by some methods, such as doping and defect engineer-
ing.26,28,29,45−49

Doped silicene has been attracting immense interest from
researchers due to its rich physical properties and chemical
activity. For example, Ni-doped silicene has high stability and
magnetic properties of a certain size.51 Fe- and Cr-doped
silicene has rich magnetic properties.52−54 Pd-, Pt-, and Au-
adsorbed silicene has high stability and rich electronic
properties.55 Meanwhile, silicene-supported Pt was used for
the CO oxidation reaction,56 while Ru-, Rh-, and Ir-adsorbed
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silicene has strong stability and excellent HER properties.57 In
addition, nonmetal (NM) doping can also modulate the
electronic properties of silicene to give it a high chemical
activity. For example, B-doped silicene nanoribbons can be
changed from a semiconductor to metal, resulting in enhanced
conductivity.58 P-substituted doped silicene can improve the
stability of silicene.59 The theoretical study of Jose and
Datta60,61 revealed the microscopic origin of buckling
deformation in silicene, and Li ions can inhibit the short-
range puckering in silicene, thus opening up the band gap.
CaSi2,

62 a layered material formed by Ca ions and silicene, has
perfect planar silicene layers and shows Dirac cones at high
symmetry points K and H. B and N doping can improve the
stability and sensitivity of silicene to NO and NO2 gases, which
helps in the application of silicene in gas sensors.63 Moreover,
siloxene is an oxide of silicene, which has high selectivity and
electrochemical activity.64 This shows that NM or transition-
metal (TM)-doped silicene has strong stability and good
chemical reactivity. Therefore, in this paper, we try to
introduce NMs and precious metals (PMs) to induce NMs
and PMs to form compounds on the silicene surface to obtain
higher stability and to investigate their electronic properties
and electrolytic water activity.
In previous studies, we have investigated the stability and

electronic properties of PM-adsorbed silicene and confirmed
that PMs adsorbed on the silicene surface at the H-site are the
most stable and exhibit a good water splitting activity.57

Therefore, in this paper, the theoretical approach of first
principles was applied to study the stability, electronic
properties, and water splitting activity of PM (PM = Ru, Rh,
Pd, Ag, Os, Ir, Pt, Au)-adsorbed silicenes by doping them with
two NMs (NM = C, N, O, P, S, Se) atoms, labeled Si−
(NM)2−PM (see Figure 1). By comparing the binding

energies of 48 NM-doped systems, it can be found that NM
doping can effectively improve the stability of PM-adsorbed
silicene. Then, we systematically studied the electronic
properties of 15 more stable NM-doped systems and analyzed
the magnetic properties of the stable systems. Finally, by
comparing the free-energy changes of the HER and OER
intermediates, we can conclude that the HER and OER
activities of the NM-doped systems are influenced by
temperature. Also, when the temperature is 300 K, the Si−
S2−Ir-doped system has excellent HER performance, while the
Si−N2−Pt-doped system has the best OER activity. It can be
seen that NM doping can not only effectively improve the
stability of PM-adsorbed silicene but also has good electro-
catalytic water splitting activity, which provides a theoretical
basis for the application of silicene in electrocatalysis.

2. METHODS AND COMPUTATIONAL DETAILS
Our study was based on the spin density functional theory
(DFT),65,66 and the theoretical simulation calculations were
carried out by using the Vienna ab initio simulation package
(VASP) code.67,68 The projector augmented wave method was
used to describe the interaction between electrons and ions.69

The exchange−correlation functional type is Perdew−Burke−
Ernzerhof (PBE) within the generalized gradient approxima-
tion.70 The kinetic energy cutoff value of all simulation
calculations was set to 500 eV, the energy convergence
accuracy of electrons was set to 1 × 10−6 eV, and the
convergence accuracy of atomic force was set to 0.02 eV/Å in
structural optimization. A 3 × 3 × 1 Monkhorst−Pack grid was
used in the Brillouin zone for structural optimization, and a 7
× 7 × 1 Monkhorst−Pack grid was used for static calculations.
The structural model used in the calculations was based on the
structural model of PMs (PM = Ru, Rh, Pd, Ag, Os, Ir, Pt, Au)
adsorbed on the 4 × 4 × 1 silicene surface supercell at the H-
site, in which two NM (NM = C, N, O, P, S, Se) atoms were
doped (see Figure 1), labeled Si−(NM)2−PM. In order to
eliminate the interaction between adjacent carriers, the vacuum
layer thickness was set to 20 Å. In addition, this study also used
the VASPKIT71 code and VESTA72 software to process the
data and display the results. Due to the strong correlation
effect of d-electrons in TMs, the accurate simulation of related
properties may be affected. Therefore, the DFT + U methods73

were used to modify the results in this paper. The Hubbard-U
values used in the calculations were obtained by the linear
response methods of Cococcioni and de Gironcoli74 (the
calculation method and results are shown in the Supporting
Information, Figures S1−S8 and Table S1).
The electrocatalytic water splitting process includes the

HER at the cathode and the OER at the anode. In general, the
HER process in an acidic environment is as follows5

* + + *+ eH H (1)

* + ++ eH H H2 (2)

where * and *H represent active sites on the surface of the
support and HER intermediate, respectively. However, the
OER needs to be a 4e− process4

* + * + ++F eH O(l) OH H2 (3)

* * + ++F eOH O H (4)

* + * + ++F eO H O(l) OOH H2 (5)

* * + + ++F eOOH O H2 (6)

where *OH, *O, and *OOH represent three OER
intermediates. Moreover, all calculations of electrocatalytic
performance were based on the standard hydrogen electrode
(SHE) in the acidic medium.
The calculation formulas involved in this paper are as

follows

= +E E E Eb Si (NM)2 PM Si (NM)2 PM (7)

= + **E E E E
1
2ads H Si (NM)2 PM

H
H

2 (8)

= +G E E T SZPE (9)

Figure 1. Geometrical structure of silicene-supported PMs with
doped NMs.
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Equations 7−9 are the calculated equations of binding energy
for NM-doped systems (Eb),

75 adsorption energy for the HER
intermediate (Eads‑*H),

57,75,76 and adsorption free energy for
the reaction intermediates (ΔG),5 respectively, where
ESi−(NM)2, EPM, ESi−(NM)2−PM, EHd2

, and E*H are the total
energies of NM-doped silicene, single PM atom, Si−
(NM)2−PM-doped systems, H2, and *H, respectively. More-
over, ΔE, ΔEZPE, T, and ΔS are the reaction intermediates’
chemisorption energy, reaction zero-point energy, environment
temperature, and entropy changes between the adsorbed and
the gas phase, respectively.

3. RESULTS AND DISCUSSION
3.1. Stability and Electronic Properties. Our previous

studies have found that PM-adsorbed silicenes at the H-site are
the most stable.57 Hence, in this paper, we doped two NM
atoms (as shown in Figure 1) in the PM-adsorbed silicene to
study its stability and electronic properties. It can be seen in
Table 1 that NM doping can effectively improve the stability of

PM-adsorbed silicene.57 For instance, the binding energy of
the O2-doped Os adsorption system (Si−O2−Os) increases
by about 3.17 eV compared to Os-adsorbed silicene,57 which
suggests that O2 doping can significantly improve the stability
of Os-adsorbed silicene. In terms of the magnitude of the
binding energy, the O2-doped systems are the most stable
compared to other NM-doped systems; meanwhile, NM
doping provides greater stability for Os-, Ir-, and Pt-adsorbed
silicene. At the same time, it can be seen in Figure 2 that the
binding energies of most NM-doped systems are higher than 1
eV, which implies that NM doping is beneficial to improve the
stability of PM-adsorbed silicene. Among them, the number of
NM-doped systems with a binding energy from 4 to 5 eV is the
highest, and there are 15 kinds of doped systems whose
binding energy exceeds 5 eV, which provides a great possibility
for the application of silicene-supported PM with NM doping.
Compared with the stability of TM-doped silicene52,55 and
germanene,77,78 the stability of PM-adsorbed silicene with
doped NMs is obviously improved. Therefore, we choose more
stable doped systems as the main objects of this paper, namely,
Si−O2−Ru, Si−O2−Rh, Si−N2−Os, Si−O2−Os, Si−P2−Os,
Si−S2−Os, Si−Se2−Os, Si−N2−Ir, Si−O2−Ir, Si−P2−Ir, Si−
S2− Ir, Si−Se2−Ir, Si−N2−Pt, Si−O2−Pt, and Si−Se2−Pt for
a total of 15 doped systems. Moreover, it can be observed in
Table 1 that the stability of the N2-, O2-, and S2-doped
systems decreases with increasing atomic number of PM in the
PM adsorption systems within the same period. For example,
the binding energy of Si−O2−Ru-, Si−O2−Rh-, Si−O2−Pd-,

and Si−O2−Ag-doped systems decreases with increasing
atomic number of the PM, which reveals that the stability of
O2-doped systems decreases with increasing atomic number of
PMs in the PM adsorption systems within the same period.
Figures S9−S12 show the geometrical structures and some

of the structural parameters of the 15 more stable NM-doped
systems. In Figures S9−S12, it can be seen that the geometrical
structures of the Si−(NM)2−PM systems are dramatically
different from those of pristine silicene79 and PM-adsorbed
silicene.57 In particular, compared with the geometry of
pristine silicene,79 the 15 NM-doped systems have undergone
a large deformation within the surface, but the bond length
between the Si atoms at the edges of the Si−(NM)2−PM
systems remains about 2.27 Å, so the buckled height between
the edge Si atoms remains around 0.44 Å. For example, it can
be seen in Figures S9c, S10a,d, and S12a that the Si−N2−Os,
Si−P2−Os, Si−N2−Ir, and Si−N2−Pt systems are less
deformed compared to the geometries of PM-adsorbed
silicene, and their geometries are similar to those of PM-
adsorbed silicene57 (i.e., the NM and Si atoms near the PM
still can form a complete hexagon); meanwhile, Si−O2−Ru,
Si−O2−Rh, Si−O2−Os, Si−O2−Ir, and Si−O2−Pt (see
Figures S9a,b,d, S11a,b, respectively) have similar geometries
and two O atoms are not involved in supporting the PM
atoms. In addition, the Pt atom migrates from the H-site to V-
site in the Si−Se2−Pt system (i.e., above the Se atom, see
Figure S12c) compared to before and after structural

Table 1. Binding Energy (Eb) of Silicene-Supported PMs
with Doped NMs

Eb (eV)

C2 N2 O2 P2 S2 Se2

Ru 2.91 4.43 6.05 3.63 3.91 4.21
Rh 2.97 4.14 5.86 3.62 3.88 4.15
Pd 2.98 3.46 4.51 3.40 3.22 3.15
Ag 0.67 1.23 1.79 1.33 1.72 1.77
Os 4.13 6.48 7.83 5.12 6.43 6.20
Ir 4.70 6.27 7.72 5.61 5.76 6.30
Pt 4.25 5.14 7.70 4.80 4.80 5.41
Au 0.99 1.42 2.59 1.58 1.97 2.05 Figure 2. Schematic diagram of stability strength for silicene-

supported PMs with doped NMs.
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optimization, which indicates that the Pt atom is stably
anchored on the Se atom.
To study the interaction between the PM atom and the

nearest atoms, we calculated the charge transfer and charge
density difference for each of the 15 NM-doped systems in
Table 2 and Figures S13 and S14. It can be seen in Table 2

that the PM atoms obtain electrons from other atoms in the
Si−(NM)2−PM-doped systems. For example, 0.25 e is
transferred to the Ru atom in the Si−O2−Ru-doped system,
which is opposite to the charge-transfer situations of Ru-
adsorbed silicene.57 It can also be seen in Table 2 that the
charge-transfer situations of other NM-doped systems are the
same as that of PM-adsorbed silicene57 except for the Si−O2−
Ru-doped system, but their charge-transfer numbers are
different. For example, the Os atom gets 0.23 e from other

atoms in the Si−N2−Os-doped system, and the charge-transfer
number of the Si−N2−Os-doped system increases by 0.09 e
compared with that of Os-adsorbed silicene.57 It can be seen in
Figures S13 and S14 that the charge accumulation of the NM-
doped systems, except for the Si−N2−Os-doped system, is
from the depleted charge of the PM to the accumulated charge
between atoms and to the depleted charge of the nearest atoms
to PM, and their charge accumulation is similar to that of PM-
adsorbed silicene.57 Based on the charge-transfer situations and
charge density difference, it can be tentatively inferred that
ionic interactions exist between the PM atom and the
neighboring atoms.
Figures 3 and 4 show the electron localization functions

(ELFs) of the 15 NM-doped systems. It can be observed that
in the Si−O2−Ru-, Si−O2−Rh-, and Si−O2−Ir-doped
systems, the bonding type between the PM atom and Si
atom is a mixture of covalent and ionic bonds, while the PM−
Si and PM−NM bonds exhibit ionic bonding characters in the
other NM-doped systems. For example, the electrons between
the PM and the nearest Si atoms are delocalized and the
electrons between the PM and NM atoms are also delocalized
in the Si−N2−Os-doped system, which indicates that both
PM−Si and PM−NM bonds exhibit ionic bonding features.
Meanwhile, in the Si−N2−Os-, Si−P2−Os-, Si−N2−Ir-, Si−
P2−Ir-, Si−S2−Ir-, and Si−N2−Pt-doped systems, the Si−NM
bonds exhibit covalent bonding characters, but the covalent
bond strength of the Si−NM bonds is significantly smaller than
that of the Si−Si bonds. In addition, it can be seen in Figures 3
and 4 that the covalent bonding feature is still maintained
between Si atoms far away from the PM atom and NM atom.
To investigate the electronic properties of the 15 Si−

(NM)2−PM-doped systems, we display their total density of
states (TDOS) in Figures 5 and 6. In Figures 5 and 6, it can be
found that the Si−O2−Ru-, Si−N2−Os-, Si−P2−Os-, and Si−
O2−Pt-doped systems exhibit semiconducting properties with
narrow energy gaps (see Table 2 for band gap values), while
other NM-doped systems exhibit metallic properties. For
example, it can be observed in Figure 5 that the Si−N2−Ir-
doped system has active electrons at the Fermi energy level,
which indicates that Si−N2−Ir exhibits metallic properties,

Table 2. Charge Transfer (Δq), Energy Band Gap (Eg), and
Total Magnetic Moments (Mt) of 15 PM-Adsorbed Silicenes
with Doped NMs [Si−(NM)2−PM]a

Δq
(e)

Eg
(eV)

Mt
(μB)

MSi
(μB)

MNM
(μB)

MPM
(μB)

Si−O2−Ru 0.25 0.04 0
Si−O2−Rh 0.52 m 0.30 0.24 0.01 0.05
Si−N2−Os 0.23 0.08 0
Si−O2−Os 0.68 m 0
Si−P2−Os 0.52 0.20 0
Si−S2−Os 0.05 m 0
Si−Se2−Os 0.17 m 0
Si−N2−Ir 0.12 m 0
Si−O2−Ir 0.12 m 0
Si−P2−Ir 0.30 m 0
Si−S2−Ir 0.34 m 0.37 0.29 0.05 0.03
Si−Se2−Ir 0.18 m 0.79 0.64 0.03 0.12
Si−N2−Pt 0.53 m 0
Si−O2−Pt 0.48 0.09 0
Si−Se2−Pt 0.76 m 0

aMSi, MNM, and MPM represent all Si magnetic moments, two NM
atoms’ magnetic moment, and PM atomic magnetic moment. “m”
stands for metallic.

Figure 3. ELF of Si−O2−Ru, Si−O2−Rh, Si−N2−Os, Si−O2−Os, Si−P2−Os, Si−S2−Os, Si−Se2−Os, Si−N2−Ir, and Si−O2−Ir.
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Figure 4. ELF of Si−P2−Ir, Si−S2−Ir, Si−Se2−Ir, Si−N2−Pt, Si−O2−Pt, and Si−Se2−Pt.

Figure 5. TDOS of Si−O2−Ru, Si−O2−Rh, Si−N2−Os, Si−O2−Os, Si−P2−Os, Si−S2−Os, Si−Se2−Os, Si−N2−Ir, and Si−O2−Ir.

Figure 6. TDOS of Si−P2−Ir, Si−S2−Ir, Si−Se2−Ir, Si−N2−Pt, Si−O2−Pt, and Si−Se2−Pt.
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and metallic conductors are favorable for electron transport for
electrocatalytic reactions. Furthermore, it can be seen in Table
2 that the band gap values of Si−O2−Ru-, Si−N2−Os-, Si−
P2−Os-, and Si−O2−Pt-doped systems are significantly
decreased compared to those of Ru-,57 Os-,57 Pt-,57 and Fe-
adsorbed silicene,52 which indicates that NM doping can
improve the conductivity of PM- and TM-adsorbed silicenes.
Figures S15−S18 show the projected density of states

(PDOS) of the 15 NM-doped systems. From their orbital
PDOS, it can be observed that there are different degrees of
orbital hybridization between Si-p orbitals and PM-d orbitals
in the 15 NM-doped systems, which implies that there are
interactions between Si-p orbitals and PM-d orbitals. For
example, the strong orbital hybridization between Si-p orbitals
and Rh-d orbitals in the Si−O2−Rh-doped system suggests
that there may be a strong interaction between Si and PMs;
this phenomenon may occur because of the existence of ionic
and covalent bonding interactions between the Rh atom and
the nearest Si atoms. Meanwhile, except for the Si−O2−PM-
doped system, the PM-d orbitals and NM-p orbitals have
different degrees of orbital hybridization in other NM-doped
systems. In addition, the PM-d orbitals have active electrons
near the Fermi energy level in the other NM-doped systems
besides Si−O2−Ru-, Si−N2−Os-, Si−P2−Os-, and Si−O2−
Pt-doped systems, which can help oxygen molecules to obtain
higher chemical reactivity.80

In order to study the magnetic properties of the 15 NM-
doped systems, we calculated the total magnetic moments (Mt)
of Si−(NM)2−PM, as shown in Table 2. It can be found that
the Si−O2−Rh-, Si−S2−Ir-, and Si−Se2−Ir-doped systems
have magnetic moments of a certain magnitude, while the
magnetic moments of other NM-doped systems are 0, which
means that Si−O2−Rh-, Si−S2−Ir-, and Si−Se2−Ir-doped
systems are magnetic, while other NM-doped systems are
nonmagnetic. The magnetic properties of the doped systems
are due to the fact that the spin-up electronic states and the
spin-down electronic states are asymmetric (see Figures 5 and
6). To further determine the magnetic contributions of Si−
O2−Rh-, Si−S2−Ir-, and Si−Se2−Ir-doped systems, the total
magnetic moments of all Si (MSi) and two NM atoms (MNM)
and the magnetic moments (MPM) of the PM atom are given in
Table 2. It can be seen in Table 2 that the total magnetic
moments of all Si atoms are the largest in the Si−O2−Rh-, Si−
S2−Ir-, and Si−Se2−Ir-doped systems compared to the
magnetic moments of other atoms, which means that all Si
atoms contribute the most to the magnetism in the Si−O2−
Rh-, Si−S2−Ir-, and Si−Se2−Ir-doped systems. For example,
the total magnetic moment of the Si−Se2−Ir-doped system is
0.79 μB, while the total magnetic moment of all Si atoms in the
Si−Se2−Ir-doped system is 0.64 μB, which indicates that the
magnetic properties of the Si−Se2−Ir-doped system mainly
originate from all Si atoms. In addition, O2 doping can make
Rh- and Ir-adsorbed silicene become magnetic compared to
Rh- and Ir-adsorbed silicene,57 while S2 and Se2 doping can
make Ir-adsorbed silicene magnetic.
3.2. Electrocatalytic Water Splitting Activity. In order

to study the HER activity of 15 more stable NM-doped
systems, we calculated the free energy variation of the HER at
temperatures between 200 and 600 K, as shown in Figure 7. In
Figure 7, it can be observed that the free energy of HER
intermediates (*H) shows an increasing trend in the NM-
doped systems. Among them, the free energy of *H of Si−
O2−Pt- and Si−Se2−Pt-doped systems increases with

increasing temperature, which means that the HER activity
of Si−O2−Pt- and Si−Se2−Pt-doped systems decreases with
increasing temperature. However, since the free-energy values
of HER intermediates (*H) of other NM-doped systems are
negative values except for Si−O2−Pt- and Si−Se2−Pt-doped
systems, the free energy of their HER intermediates (*H)
increases with increasing temperature, which means that the
HER performance of the NM-doped systems increases with
increasing temperature except for Si−O2−Pt- and Si−Se2−Pt-
doped systems. Furthermore, it can also be seen in Figure 7
that the free energy of *H of Si−O2−Rh-, Si−P2−Os-, Si−
O2−Ir-, Si−S2−Ir-, and SiSe2−Ir-doped systems tends to
exceed 0. It can be inferred that the HER activity of Si−O2−
Rh-, Si−P2−Os-, Si−O2−Ir-, Si−S2−Ir-, and SiSe2−Ir-doped
systems may decrease at higher temperatures.
Figure 8 presents the HER free-energy diagram at a

temperature of 300 K. In Figure 8, it can be seen that the
free-energy change of *H of the Si−S2−Ir-doped system is the
closest to 0 while that of the Si−N2−Ir-doped system is the
furthest away from 0, which means that the HER performance
of the Si−S2−Ir-doped system is the best while that of Si−
N2−Ir-doped system is the worst. In addition, compared with
the hydrogen evolution activity of Ir-adsorbed silicene,56 the
hydrogen evolution activity of Ir-adsorbed silicene was
obviously enhanced by S2 doping. From Figure 8, it can also
be concluded that the hydrogen evolution activities of Si−O2−
Rh- and Si−Se2−Pt-doped systems are the same, but their
free-energy values differ by a negative sign, implying that the
rate-determining step (RDS) of the Si−O2−Rh-doped system
occurs during the desorption process of hydrogen evolution
intermediates (*H) to generate hydrogen (H2) while that of
the Si−Se2−Pt-doped system occurs during the adsorption
process of hydrogen ions on the surface of the support to
generate *H. Furthermore, Figure 9 exhibits the plot between
the free energy of the HER intermediate (*H) and the
adsorption energy of *H. A linear decreasing relationship
between the free energy of *H and the adsorption energy of
*H can be seen in Figure 9, implying that the HER activity of
the NM-doped systems decreases as the adsorption energy of
the HER intermediate (*H) increases. This result is similar to
the findings of Nørskov et al.5

The limiting reaction barrier (ΔGRDS) is an important
parameter to evaluate the OER activity, which is determined
by the RDS.4,9,14 To understand the electrocatalytic oxygen

Figure 7. Free-energy changes of HER intermediates (*H) at
temperatures between 200 and 600 K.
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evolution performance of the 15 NM-doped systems, we
calculated the limiting reaction barrier (ΔGRDS) at 1.23 eV for
the OER at different temperatures (200−600 K), as shown in
Figure 10. In Figure 10, it can be seen that the limiting reaction
barrier (ΔGRDS) of Si−O2−Ir-, Si−O2−Rh-, Si−Se2−Os-, and
Si−O2−Ru-doped systems decreases with increasing temper-
ature, while that of other doped systems increases with
increasing temperature, implying that the OER activity of the
Si−O2−Ir-, Si−O2−Rh-, Si−Se2−Os-, and Si−O2−Ru-doped
systems is enhanced with increasing temperature, whereas the
oxygen evolution performance of other doped systems
decreases with increasing temperature. Moreover, it can be
found in Tables S2 and S3 that, except for the Si−S2−Ir-doped
system, the RDS of the OER is not affected by temperature in
other NM-doped systems. For example, the RDS of the OER
in the Si−N2−Pt-, Si−O2−Pt-, and Si−Se2−Pt-doped systems
is not affected by temperature and is always *O → *OOH.
Figure 11 and Table 3 show the free energy, RDS, and the

limiting reaction barrier (ΔGRDS) at 1.23 eV for the OER at
300 K for the NM-doped systems, respectively. In Figure 11

and Table 3, it can be observed that the Si−N2−Pt-doped
system has the smallest limiting reaction barrier (i.e., ΔGRDS =
0.87 eV), while the Si−O2−Ir-doped system has the largest
limiting reaction barrier (i.e., ΔGRDS = 5.84 eV), which implies
that the Si−N2−Pt-doped system has the best OER activity,
while the Si−O2−Ir-doped system shows the worst OER
performance. In addition, it can also be found in Table 3 that
the RDS of the Si−O2−Ru-, Si−O2−Rh-, Si−Se2−Os-, and
Si−O2−Ir-doped systems is *OOH → O2 while that of other
NM-doped systems is *O → *OOH.

4. SUMMARY
In summary, we studied the stability of 48 NM-doped systems
based on DFT and investigated the electronic properties and
water splitting activity of 15 more stable NM-doped systems
based on stability. By comparing the binding energies of six
NM-doped PM adsorption systems, it can be found that,
compared with other NM-doped systems, Si−O2−Ru-, Si−
O2−Rh-, Si−N2−Os-, Si−O2−Os-, Si−P2−Os-, Si−S2−Os-,
Si−Se2−Os-, Si−N2−Ir-, Si−O2−Ir-, Si−P2− Ir-, Si−S2−Ir-,
Si−Se2−Ir-, Si−N2−Pt-, Si−O2−Pt-, and Si−Se2−Pt-doped
systems are more stable. Therefore, we carried out a follow-up
study with these 15 more stable NM-doped systems as the

Figure 8. Free-energy diagram of HER intermediates (*H) at 300 K.

Figure 9. Linear fit between HER intermediates’ free-energy changes
(ΔG*H) and HER intermediates’ adsorption energy (Eads‑*H).

Figure 10. Limiting reaction barrier (ΔGRDS) of the OER at
temperatures between 200 and 600 K.
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main study. In addition, based on the binding energy of 48
NM-doped systems, it can also be found that the O2-doped
systems are the most stable compared to other NM-doped
systems, and the NM-doped Os, Ir, and Pt adsorption systems
are more stable. Second, by studying the electronic properties
of the 15 more stable NM-doped systems, the following
properties can be found: (1) the PM atoms bond with the
nearest Si atoms by a mixture of covalent and ionic bonds in
Si−O2−Ru-, Si−O2−Rh-, and Si−O2−Ir-doped systems,
while PM−Si bonds and PM−NM bonds behave as ionic
bonds in the other NM-doped systems; (2) Si−O2−Ru-, Si−
N2−Os-, Si−P2−Os-, and Si−O2−Pt-doped systems exhibit
semiconductor properties with narrow energy gaps, while other
NM-doped systems exhibit metallic properties; (3) Si−O2−
Rh-, Si−S2−Ir-, and Si−Se2−Ir-doped systems are magnetic,
while other NM-doped systems have no magnetic properties.
Finally, the water splitting activities of the 15 more stable NM-
doped systems were investigated based on the SHE, and it was
found that (1) the HER activities of Si−O2−Pt- and Si−Se2−
Pt-doped systems decreased with increasing temperature, while
the HER properties of other NM-doped systems increased
with increasing temperature; (2) Si−O2−Ir-, Si−O2−Rh-, Si−

Se2−Os-, and Si−O2−Ru-doped systems showed enhanced
OER activity with increasing temperature, while the OER
performance of other NM-doped systems decreased with
increasing temperature; (3) the Si−S2−Ir-doped system
showed excellent HER performance at 300 K, while the Si−
N2−Pt-doped system showed the best OER activity. Our
findings provide theoretical support for the application of
silicene in the field of electrocatalytic hydrolysis in the future.
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Table 3. RDS and Limiting Reaction Barrier (ΔG) of the
OER over NM-Doped Systems at 300 K

RDS ΔGRDS (eV)

Si−O2−Ru *OOH → O2 3.37
Si−O2−Rh *OOH → O2 5.08
Si−N2−Os *O → *OOH 2.03
Si−O2−Os *O → *OOH 2.03
Si−P2−Os *O → *OOH 1.72
Si−S2−Os *O → *OOH 1.82
Si−Se2−Os *OOH → O2 4.29
Si−N2−Ir *O → *OOH 1.15
Si−O2−Ir *OOH → O2 5.84
Si−P2−Ir *O → *OOH 0.93
Si−S2−Ir *O → *OOH 1.01
Si−Se2−Ir *O → *OOH 0.98
Si−N2−Pt *O → *OOH 0.87
Si−O2−Pt *O → *OOH 1.40
Si−Se2−Pt *O → *OOH 0.93
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Two- and One-Dimensional Honeycomb Structures of Silicon and
Germanium. Phys. Rev. Lett. 2009, 102, 236804.
(80) Deng, D.; Yu, L.; Chen, X.; Wang, G.; Jin, L.; Pan, X.; Deng, J.;
Sun, G.; Bao, X. Iron Encapsulated within Pod-like Carbon
Nanotubes for Oxygen Reduction Reaction. Angew. Chem., Int. Ed.
2013, 52, 371−375.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03388
ACS Omega 2022, 7, 33156−33166

33166

https://doi.org/10.1039/c5ta05084g
https://doi.org/10.1039/c5ta05084g
https://doi.org/10.1039/c5ta05084g
https://doi.org/10.1016/j.commatsci.2016.03.006
https://doi.org/10.1016/j.commatsci.2016.03.006
https://doi.org/10.1021/jp5058644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5058644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5058644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/physrevlett.102.236804
https://doi.org/10.1103/physrevlett.102.236804
https://doi.org/10.1002/anie.201204958
https://doi.org/10.1002/anie.201204958
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

