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In the present work, a stable two-dimensional (2D) P,Si monolayer was predicted. The monolayer is
semimetallic/metallic under the PBE/HSEO6 functional and is mechanically isotropic. The stability of the
P,Si monolayer has been proved via cohesive energy, mechanical criteria, molecular dynamics simula-
tion, and phonon dispersion respectively, and the monolayer possesses high carrier mobility which is
three times that of MoS,. On the other hand, the catalytic performance of the P,Si monolayer modified
with a single transition metals (M =Sc-Cu) atom for the electrochemical reduction of CO, was inves-
tigated, and the monolayer can catalyze CO, with three constraints: stable molecular dynamics, high
migration potential of metal atoms, and suitable band gap for electrocatalyst after metal doping ex-
hibiting excellent catalytic stabilization activity and CRR selectivity. In addition, the reduction product
of V@P,Si is HCOOH with an overpotential as low as 0.75V, and the most suitable reaction path is
*CO, — *CHOO — O*CHOH — * + HCOOH with the final reduction product HCOOH obtained. As a whole,
the above results endow the P,Si monolayer to be a good 2D material holding great promises for appli-
cations in nanoelectronics and CO, reduction catalysts.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) materials, especially single layer 2D ma-
terials namely monolayers, have been intensively studied in recent
years, and they exhibit unique properties and diverse potential ap-
plications in nanoelectronics, optoelectronics, and material science
[1-5]. Among various monolayers, graphene, MoS,, h-BN and black
phosphorus are typical. However, graphene is zero-gap, MoS, is
usually unstable and easily oxidized under normal conditions, h-
BN does not have a large bandgap, and black phosphorus is easily
oxidated in the air [4,5]. Therefore, searching for a new monolayer
became an important content in recent related research.

Compounds on Silicon and Phosphorus elements have attracted
attentions in recent years, and in experiments phosphorene and
silicene have been prepared [6-8]. There also reported several re-
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lated works on the combination of phosphorus and silicon ele-
ments [9-16]. Dykema et al. first studied three types of silicon-
phosphorus bonds which are stable in contrast with Si-Si and Si-C
bonds [16]. Keizer et al. experimentally studied highly phosphorus-
doped silicon monolayers and found that 75% of the initial de-
posited P is confined in a layer with a full width at a half-
maximum thickness of 1.0 nm, which means the possibility of the
P-Si monolayers [9]. Huang et al. theoretically found several semi-
conducting silicon phosphide monolayers with different chemical
compositions, however, they mainly studied the electronic proper-
ties of acquired monolayers, in which one monolayer P2;/m Si;P;
is a direct gap semiconductor and other monolayers are indirect
gap semiconductors with the band gaps range from 1.0eV to 3.0eV
[10]. These researches indicate a high possibility of getting stable
monolayers of phosphorus and silicon elements [9-16]. For this
purpose, we carried out the prediction of monolayers with the dif-
ferent chemical compositions of phosphorus and silicon elements
by virtual crystal structure analysis through the particle swarm
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optimization (CALYPSO) algorithm once again [17,18]. A new sta-
ble P,Si monolayer has been acquired, and its structural, elec-
tronic, mechanical, and optical properties have been studied and
presented accordingly.

On the other hand, effective CO, capture and conversion are es-
sential to maintain the planet’s carbon balance and alleviate en-
ergy shortages [19,20]. The electrochemical CO, reduction reaction
(CO5RR) [21,22], which uses electricity generated from solar, wind,
geothermal, and nuclear energy under mild conditions, is consid-
ered the most promising means of energy conversion as it not
only mitigates the increasing concentration of CO, in the atmo-
spheric atmosphere but also produces high value-added chemical
raw materials [23-25]. However, activation of CO, has always re-
quired high reaction potentials due to the stability [26,27] of the
linear structure of the CO, molecule and the difficulty to break
C=0 bonds [28,29]. In addition, electrocatalytic CO,RR involves a
complex multi-proton electron coupling process to produce the re-
duction products (C1-C3) [30,31]. As an example, CO, can be con-
verted into many chemical intermediates such as formic acid [32],
methane [33], methanol [34], ethanol [35], carbon monoxide [36],
formate [37].

The loading of metal nanoclusters onto various substrates has
received much attentions [38,39]. Over the last few decades, re-
searchers have worked to reduce the size of metal nanoclusters
to obtain higher metal atom utilization and higher specific sur-
face area for enhanced catalyst activity. The highest atom uti-
lization for metal clusters is achieved by single-atom catalysts
(SACs) [40,41], which are single metal atoms dispersed regularly
and stable manner on a substrate material. Many researchers have
demonstrated that single-atom catalysts loaded on substrates can
be effective as highly active sites exhibiting superior catalytic
activity compared to conventional catalysts [42,43]. Therefore in
this paper, based on the predicted P,Si monolayer we further
studied its catalytic performance modified with a single transi-
tion metals (M =Sc-Cu) atom for the electrochemical reduction of
CO,.

Structure search, structural relaxations, and electronic, mechan-
ical, and optical property calculations within the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation of generalized gradient ap-
proximation (GGA) [44,45] were performed using the VASP code
[46,47]. Due to the elimination of long-range part of the Fock
exchange, the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional
was used to determine the band gap [48]. In the HSEO06 cal-
culation, a fraction of the exact screened Hartree-Fock exchange
was incorporated into the PBE exchange using a mixing parame-
ter o« =0.25. The energy cut-off was set as 500eV and Brillouin
zone was sampled using k-points with 0.02 A-! spacing in the
Monkhorst-Pack scheme. The atomic positions were fully relaxed
during the structural optimization until the energy of atom con-
verges to up to 1.0 x 10-6eV and the force of the atom was no
more than 0.0001eV/A. The first-principles molecular dynamics
(FPMD) simulations were carried out with a 4 x4 x 1 supercell
in the canonical ensemble (NVT) at different temperatures up to
1400K and each simulation lasts for 5 ps with a time step of 0.5 fs.
A supercell approach with the supercell size as 5x5x 1 imple-
mented in PHONOPY package was used to acquire phonon disper-
sion of the monolayer [49].

Global structure searches of P,Si monolayer were performed
with particle-swarm optimization (PSO) method as implemented
in the CALYPSO algorithm [17,18]. In the PSO calculations, popula-
tion size and a number of generations were taken as 30 and 40, as
well as the number of layers, the area of 2D structure, and the gap
between two labs were accordingly set as MultiLayer =1, Area = 20,
VacuumGap =12 A. The key parameters EDIFF, NSW and PSTRESS
in INCAR_i (i=1, 2, 3) files were taken as le~2, 1e~3, 1le~>, 50,
100, 250 and 0.001, respectively.
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All the calculations were performed by the method of spin-
polarized density functional theory in the Dmol® package [50]. The
PBE exchange-correlation functional in the GGA range was used
and Grimme’s scheme was adopted for long-range dispersion DFT-
D correct. An all-electron double numerical atomic orbital aug-
mented by d-polarization functions (DNP) was chosen as the basis
set [51]. The solvent effect is included by a conductor-like screen-
ing model (COSMO) [52] with a dielectric constant of 78.54.

All the calculations used a 2 x3 unit supercell to simulate
the endless P,Si nanosheet. All atoms were fully relaxed without
any constraints up to the atomic forces smaller than 0.002 Ha/A,
displacement smaller than 0.005A, and the total energy with a
convergence threshold of 10-% a.u. The basis-set cutoff was set
to 4.1A. The vacuum space is set to 20A in the z-direction to
avoid interactions between periodic images. The Brillouin zone in-
tegration was performed on a 5 x5 x 1 Monkhorst-Pack k-points
mesh. The charge distribution was determined by Hirshfeld analy-
sis. Here, we define the adsorption energies (E,4) to describe the
interaction between the intermediates of the NO reduction to NH3
and the P,Si sheets as:

Eaq = Em-p,si — Ep,si — Em (1)

where Epp,si. Ep,si, Em represent the total energy of the adsorp-
tion of intermediates, pritine P,Si monolayer, the small molecule
during the synthetic route, respectively. Here the complete lin-
ear synchronous transit/quadratic synchronous transit (LST/QST)
method, with repeated conjugate gradient (CG) refinement to find
the minimum energy pathway (MEP) were applied for transition
state (TS) searches were performed to acquire the energy barriers
of the migration of transition metal atoms on the surface of P,Si.

Following the work of Rossmeisl et al. [53], under the standard
reaction condition, the chemical potential of a proton and electron
pair (u(HT+ e™)) is equal to half that of gaseous hydrogen (1(H;)).
For each elemental step, the Gibbs free energies (AG) were calcu-
lated using the following equation:

AG = AE + AZPE + AH—TAS+ AGyy + AGy 2)

where AE is the reaction energy based on DFT calculations, AZPE
is the zero-point energy (ZPE) correction, T is set to 298.15K, AS
and AH are the entropy and heat capacity change. Gpy and Uy are
the contributions from the pH and limited electrode potential (U),
respectively. Uy is defined as

U .= —neU 3)

where n is the number of transferred electrons. Gpy is defined as:

Gpn = —ksTIn[H*] = pH x ksTIn10 (4)

where kg is the Boltzmann constant. Here pH was set to zero
during the process of calculation. Overpotential can be obtained
by calculating the difference between the Ueqyjiibrium POtential and
limit-potential:
1 = Uequilibrium — Ut (5)
The geometric structure including top and side views of the
predicted P,Si monolayer is shown in Fig. S1 (Supporting infor-
mation), and its symmetry of space group is P1 with the lattice
parameters as a=6.101A, b=4.11A, a = 90.0°, 8 = 89.9978° and
y = 90.0° From the figure, each Si atom is tetracoordinate with
four P atoms exhibiting four-coordinated sp3 hybridization. Each
P atom bridges two Si atoms realizing two-coordinated sp? hy-
bridization. Moreover from the top view, the P,Si monolayer is
composed of 8-membered rings arranged by alternate P and Si
atoms and only has one type of bond P-Si with the lengths as
2.23286, 2.23295, 2.23289, 2.23290 A, which are smaller than those
of 2.262A in other P-Si monolayers and 2.254A in the compound
SiPH, in Ref. [12].
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Fig. 1. (a) Phonon dispersion of the P,Si monolayer. The high-symmetry points are
G (0, 0, 0), (b) energy oscillations of the MD simulation at room temperature 300 K.
(c) Band structure and density of state (DOS) of P,Si monolayer. (d) Modulated band
gap (PBE) of P,Si monolayer versus the strain ratio.

To show the formation of bonds and charge transfers in the P,Si
monolayer, we calculated the electron localization function (ELF)
shown in Fig. S1a and performed bader charge analysis. From the
bader analysis, charges being shifted from the Si atom to two P
atoms are about 0.8461 |e| and 0.8415 |e|, indicating the formation
of P-Si bonds. From the top view in Fig. S1b, there exhibits elec-
tron localization between the Si atom and two P atoms, also ver-
ifying the formation of P-Si bonds. Moreover, from the side view,
there shows huge electron localization around the P atoms which
is sp2 hybrid with three pairs of alone electrons. The sp? electronic
structures of P atoms provide huge free electrons leading to the
semimetallic/metallic property of the P,Si monolayer [54].

The stability of P,Si monolayer was examined by calculating
its cohesive energy, phonon dispersion, elastic constants, and per-
forming molecular dynamics (MD) simulations respectively. Firstly,
the formula of cohesive energy E.o, =(mEp +nEg; - Ep_si )/(m+n)
was used, where Ep, Es; and Ep_; are total energies of a single
P atom, a single Si atom and the monolayer, respectively. The co-
hesive energy of P,Si monolayer is calculated as —3.517 eV/atom,
which is comparable to some monolayers, such as other SixPy, BPs,
g-BP, and B,C [10,55,56], and is smaller than that of the exper-
imentally realized 2D silicene and phosphorene [57]. This result
verifies the P,Si monolayer should be a potential stable phase of
P-Si compounds.

Secondly, we investigated the dynamic stability of the P,Si
monolayer and calculated its phonon dispersion curve shown in
Fig. 1a. From the figure, no imaginary (negative) vibration modes
exist, indicating the P,Si monolayer is thermodynamically stable
[5]. Moreover, the slopes of longitudinal acoustic branches are not
equal along different directions, such as G-Y and G-X, showing the
P,Si monolayer is anisotropic concerning the in-plane stiffness.

Thirdly, to study the thermal stability of the P,Si monolayer,
molecular dynamics (MD) simulations at different temperatures
were performed with a relatively large 3 x 3 x 1 supercell. Through
the 20ps MD simulations up to 1400K, our simulations showed
that the P,Si monolayer maintained its structural integrity, but se-
riously distorted at about 1200K. Fig. 1b shows the energy oscil-
lations of MD simulation at room temperature 300K with a time
step of 1 fs, and the energy is oscillating near the equilibrium state
which indicates the monolayer is expected to be experimentally
feasible.
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Finally, we discussed the mechanical properties of the P,Si
monolayer by computing the elastic constants (C;). A mechanically
stable 2D structure satisfies the Born criteria [58]:

CiiCoy — 12> > 0,Ge6 > 0 (6)

The elastic constants of the P,Si monolayer were calculated as
C11 =Cyy=27.210 N/m, Cip =Gy =8.965 N/m, and Cgg =28.222 N/m,
which exactly meet the mechanical stability criteria, indi-
cating the P,Si monolayer is mechanically stable. Then in-
plane Young’s modulus of P,Si monolayer can be computed
das YXZ(CH Cyy - C12Cy )/sz =24.256 N/m and Yy=(C11 Cyy -
C12C21)/Cq1 =24.256 N/m, which are lower than the value of MoS,
monolayer (~128 N/m) [59]. No difference in Young’s modules in
different directions manifests that the P,Si monolayer is mechan-
ically isotropic. Moreover, two Poisson’s ratios vx=Cy1/Cy; and
vy =Cq2/Cyy are equal with the value as 0.3295.

Band structure and density of state (DOS) of the P,Si monolayer
are presented in Fig. 1c, showing the monolayer is semimetallic
with the band gap of 0.0047 eV at the GGA-PBE level, and the CBM
and VBM locate at the point (0.000, 0.3684, 0.000) and (0.3684,
0.000, 0.000), respectively. In order to acquire a more accurate
band structure, the HSEO6 hybrid functional was used, and the
P,Si monolayer is metallic which renders it a potential 2D material
in electrocatalysis and energy storage battery. Moreover, the DOS
strengths of P atoms are larger than those of Si atoms, and con-
tributions of p-orbital from P and Si atoms are larger than those
of s-orbital from P and Si atoms. These consequences on the DOS
strength are consistent with the results of ELF in Fig. 1c.

We further studied the influences of applying strain which is a
common engineering strategy to tune band gaps. In-plane biaxial
and uniaxial strains were acquired by adjusting the lattice param-
eters a and b, and strain ratio is defined as to:

& = Aa/a x 100% or Ab/b x 100% (7)

with Aa+a and Ab+b are strained lattice parameters [54]. Un-
der a strain in the scope of —10% to 10%, the effects of the
strain ratio to the band gap of P,Si monolayer are shown in
Fig. 1d. From the figure, the band gap of P,Si monolayer de-
creases when stretching or compressing the lattice parameters,
and for biaxial and uniaxial cases the P,Si monolayer can trans-
fer from a semimetal to a metal/an indirect narrow-gap semicon-
ductor or from a metal/an indirect narrow-gap semiconductor to a
semimetal. Moreover, the impact of the biaxial strain is larger than
those of two uniaxial strains. These results enhance applied oppor-
tunity of the P,Si monolayer in optoelectronics and exhibit poten-
tial values on nanoelectronic devices based on strain-engineering
techniques [54,60,61].

Given the P,Si monolayer being semimetallic or semiconducting
under a low strain ratio under the GGA-PBE functional, we further
calculated carrier effective masses and carrier mobilities 420 using
the following formula

w_ eh3C2D ®)
kBTm*deg
where m* is the effective mass, my is the average effective mass,
T=300K, and kg is Boltzmanns Constant. Moreover, the in-plane
stiffness is

20%E
CZD: S 9
<3(A1/lo)2>/ ’ ©)

where E is total energy, Sy is the area of optimized structure, and
E4 is deformation potential (DP) constant along x or y-direction.
The carrier mobilities of P,Si monolayer are shown in Table S1
using the GGA-PBE functional as it can yield good estimations of
carrier mobility. From the table, the electron mobilities along the
x and y directions are smaller than the hole mobilities, and the
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Fig. 2. (a) Structural prototype of the most stable M-P,Si structure and site of metal atom adsorption. (b) Side view of the P,Si monolayer. (c, d) The top view and side view
of adsorbed CO, of pristine P,Si. (e) The adsorption energies correspond to the most stable adsorption configurations of the 13 kinds of transition metal atoms (Sc-Cu) on
the P,Si surface, and the red short line is the band gap value of P,Si doped with different metal atoms. (f) The amount of electron transfer between metal atoms and P,Si

after doping different metal atoms.

largest value is 600 cm? V-1 s—1 which is three times that of the
MoS, monolayer (200 cm? V-1 s=1) [62]. This high hole mobility
indicates the P,Si monolayer can be used as a promising device in
the application of nanoelectronics.

Since P,Si monolayer is a two-dimensional material of a semi-
metallic/metallic nature and the presence of uneven ring structure
on the P,Si monolayer facilitates the mosaic of metal atoms, we
tried to design a novel CO, electrochemical catalyst by single-atom
loading. The adsorption sites identified using different chemical
environments and the most stable sites tested for transition metal
atom loading are shown in Figs. 2a and b, in which the most stable
sites are the empty sites in the middle of the four raised P atoms,
with M and P4 forming a stable four-ligand pyramidal structure.

As shown in Figs. 2c and d for the most stable configuration of
the P,Si monolayer for CO, adsorption, the pure P,Si monolayer is
unable to adsorb CO, molecules, and the shortest adsorption dis-
tance between CO, and the monolayer is 3.519A. Moreover, the
bond angle of CO, molecules is 179.5° meaning no activation de-
gree compared with 180° for gas CO, molecules, and the adsorp-
tion energy is only —0.11eV. Therefore, we tried to improve the
activation of the catalyst for CO, by transition metal atom loading.
Firstly, we loaded a single transition metal atom ranging from Sc to
Cu on a pure P,Si monolayer which as the substrate, and selected
the single-atom catalyst with the best conductivity and the most
stable structure by the adsorption energy, bandgap of the loaded
system, ease of migration of metal atoms on the surface [63], and
molecular dynamics stability [64], respectively.

Electrocatalysis involves both electrodes and catalysis, so elec-
trocatalysts must meet both requirements: (1) good electrical con-
ductivity for free-electron transfer; and (2) effective activation of
the target material [21]. Materials that can conduct electricity can-
not always activate the substrate and vice versa. Therefore, a fea-
sible way to design electrocatalysts is to modify the electrodes by
employing doping, etc. By combining the active component in the
form of some chemisorption on the conductive substrate electrode,
the dual purpose of both electron transfer and substrate activation
can be achieved. Of course, in addition to the consideration of the
macroscopic mass transfer factors of the electrode, there is also a
problem with the interaction between the modified molecule and
the substrate electrode [65], and this interaction needs to be fur-
ther studied.

Fig. 2e shows bandgaps of the P,Si monolayer after M loading
and the corresponding adsorption energy of M atoms. The stronger
adsorption of Sc, Ti, V, Cr, Co, and Ni atoms can be selected accord-
ing to the requirement of electrocatalyst stability, but at the same
time, Ti, V, Mn, and Co atoms should be further selected with the
restriction of smaller bandgap if the electrical conductivity is con-
sidered. We then studied the number of electrons transferred from
the metal atoms to the P,Si monolayer when the transition metal
atoms are loaded on the P,Si monolayer to form a stable structure.
It can be seen from Fig. 2f that Co and Ni atoms prefer to gain
electrons from the monolayer (0.140 e and 0.123 e for Co and Ni
atoms, respectively), while the other metal atoms tend to transfer
electrons to the P,Si monolayer. In addition, we find an interest-
ing pattern that the ability to lose electrons decreases from Sc to
Cu (from left to right in the same period), which is related to the
weakening of metallicity.

Figs. S2 and S3 (Supporting information) show side and top
views of the most stable structures of the nine transition metal
atoms loaded in the P,Si monolayer. The M metal atoms are chem-
ically bonded to all four P atoms and the bond lengths are in the
range of 2.258-2.690 A, which coincides with the atomic radius of
Sc. The above results indicate that the raised fold vacancies on the
P,Si monolayer can anchor the metal atoms tenaciously, and all of
them have been chemisorbed. Furthermore, we investigated FPMD
simulations of M@P,Si (M=Sc, V, Cr, Mn) for 2000 ps at 300K. As
shown in Fig. S4 (Supporting information), the structures including
Sc, V and Cr atoms are very stable after 2000 ps with no signifi-
cant changes, but the Mn atom migrates from the P4 vacancy to
the bridge position between the two P atoms between the bridge
sites. The energy of all four structures oscillates around the equi-
librium state, which indicates that the P,Si monolayer modified by
Sc, Cr and V atoms is thermodynamically stable.

However, considering the requirements of conducting perfor-
mance as an electrocatalyst, the bandgap of M@P,Si should not
be greater than 0.5eV. But Sc@P,Si has a bandgap of 1.428eV,
and Cr@P,Si has a bandgap of 1.451eV. Therefore the possibility
of Sc, Cr and Mn atoms as electrocatalysts is ruled out. It is worth
noting that V@P,Si has a bandgap of only 0.322 eV, together with
the structurally stable results demonstrated by molecular dynam-
ics data, we therefore next focus on the application of V@P,Si in
the electrochemical catalytic reduction of CO,.
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For monoatomic catalysts, the inability of the metal atoms to
achieve dispersion on the catalyst as a single atom and thus be
uniformly and stably embedded on the monolayer, rather than ag-
glomerated into clusters, is key to the preparation of monoatomic
catalysts. The more tightly bound the metal atoms are to the P,Si
monolayer the more difficult it is for them to migrate across the
monolayer, and the more stable they proved to be. We, there-
fore, calculated the migration energy barriers of the four metal
atoms, namely Sc, Mn, Cr and V, on the P,Si monolayer (Fig. S5
in Supporting information). Although the migration of Sc, V and
Mn atoms on the P,Si monolayer is exothermic (between —0.38 eV
and —0.20eV) the energy barriers to be overcome are relatively
high, between 1.35eV and 2.17 eV, which can be considered as dif-
ficult for the metal atoms to overcome at room temperature to mi-
grate. The migration of the V atom is thermally absorbing (0.56 eV)
and has a high energy barrier (around 1.70eV). The initial, tran-
sition and final states of the four metal atoms migrating on the
P,Si monolayer are shown in Fig. S6 (Supporting information). It
can be seen that the positions of metal atoms in the transition
states are all in the bridge positions of the two P atoms. Therefore,
M@P,Si (M=Sc, Cr, Mn, V) are fairly stable single-atom catalysts
in terms of the migration energy barriers of the metal atoms on
the P,Si monolayer, and these metal atoms can be uniformly and
stably embedded on the P,Si monolayer without forming clusters
or migrating freely.

For the electrocatalytic reduction of CO,, it is essential that the
CO, molecule can be stably adsorbed and that the C=0 bond is
activated. We therefore next investigated the adsorption of CO,
molecules by the M@P,Si structures as shown in Fig. S7 (Support-
ing information). CO, is thermodynamically stable and kinetically
inert [66], so activation of CO, is very difficult. As shown in Fig.
3a, the Cr and Mn atoms have the greatest effects on the bond
angles of CO, molecules, corresponding to 143.9° and 149.75° af-
ter activation, respectively. Other metal atoms also indicate an ac-
tivating effect on the CO, molecule but are not as strong as the
first two. In terms of adsorption distances, Sc, V, Cr and Mn atoms
have a stronger effect on CO, adsorption with adsorption distances
ranging from 2.017 A to 2.230A. The effects of different transition
metal atoms on the adsorption energy and C=0 bond length of
CO, molecules are illustrated in Fig. 3b.

The most significant effects on C=0 can be seen for M atoms
(M =Mn, Cr and V), for which corresponding C=0 bond lengths are
1.246, 1.270 and 1.787 A and adsorption energies are —1.11, —1.10
and —0.70eV, respectively. Since the adsorption energies of Ti, Fe,
Co, Ni and Cu atoms for CO, molecules are relatively small, they
proved to be unsuitable as electrocatalysts. The variation of the
overall CO, charge and the charge of some atoms are shown in
Fig. 3c. Cr@P,Si is still the most activated single-atom catalyst for
CO,, with a charge of —0.26 e after CO, adsorption and the O-atom
point the most electron-deficient at 0.18 e. However, its bandgap
(1.45eV) for the Cr@P,Si doped system is not conducive to elec-
tron conduction and it is therefore also unsuitable as an electrocat-
alyst. The most stable structures of M@P,Si (M = Sc-Cu) for CO, ad-
sorption are illustrated in Fig. S7. Corresponding bond angles, bond
lengths, and adsorption distances for CO, adsorption are labeled
on the graph. The effects of different types of single-atom catalysts
on the bond lengths and bond angles of CO, during CO, molecule
activation can be seen more visually in the figure.

To investigate the intrinsic mechanism of activation of CO,
molecule by M@P,Si (M=Sc, Cr, Mn, V), we studied the charge
density difference (CDD), the electron localization function (ELF),
and the partial density of states (PDOS) of the adsorption struc-
ture, as shown in Figs. S8 and S9 (Supporting information). The
yellow region between CO,—Mn has the largest volume, indicating
that the binding strength of CO,—Mn is greater than that of CO,-
Sc, CO,-V and CO,-Cr, which also corresponds to the largest ad-
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Fig. 3. (a-c) The Gibbs free energy distributions for the most suitable path of CRR
for V@P,Si at an applied voltage of 0 (vs. RHE). The free energy change for the
decisive velocity step is 0.5eV (*OCHOH—*+HCOOH).

sorption energy —1.22eV of CO, adsorption for the Mn@P,Si. This
corresponds to the highest number of electrons transferred by the
Cr@P,Si material to the CO, molecule (-0.260 e).

The distribution of electrons and the electronic contribution of
the M@P,Si catalyst to CO, can be seen in the ELF diagram in Fig.
S8. The density of states data in Fig. S9 show the enhanced interac-
tion due to the greater overlap between the 3d orbital of the metal
atoms and the 2p orbital of *CO,. It is noteworthy that more elec-
trons leap into lower energy levels after CO, adsorption, indicating
the formation of a more stable adsorption structure. It can also be
noted that spin states of the Mn and V atoms are asymmetrically
indicating the presence of magnetism, but Cr and Sc atoms have
no magnetic moments. 3d orbitals of Sc atom are the strongest for
CO,, corresponding to its electron leap of *CO, into deeper energy
levels.

We calculated the entire electrochemical reduction of the CO,
molecule and all possible intermediates in the process. The first
thing that had to be considered is the competition between CRR
and HER [67]. This is because, at each hydrogenation step in the
CRR process, a proton-electron pair (H* +e~) takes part in the re-
action [68]. For the first hydrogenation step, the hydrogen addition
may be on the C-atom of the CO, molecule or the O-atom end,
going through *+CO, +H* +e~ — *COOH or *+CO, +Ht +e~ —
*CHOO to obtain two different mid-shelf bodies. However, since
the reduction reaction takes place in an acidic solution, the ac-
tive site can accept proton-electron pairs in addition to CO, hy-
drogenation to obtain *H, which is then further hydrogenated to
obtain gaseous H, that is desorbed from the surface of the active
site, which is known as the hydrogen precipitation reaction (HER)
[69]. It is, therefore, necessary to discuss the competition between
CRR and HER, with the results shown in Fig. 4. A comparison of the
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Fig. 4. Side views of the structure of the key intermediate for the electrochemical
reduction of CO,. The first row of numbers is the number of proton-electron pairs
transferred to the CO, molecule in the reaction.

free energy change between CRR and HER first-step hydrogenation
shows that, except for Mn@P,Si where AG:cgoy iS greater than
AGsy, the AG:cooy and AG«cyoo of the remaining metal-atom
modified single-atom catalysts are smaller than the corresponding
AG-y, indicating that it is easier to form *COOH and *CHOO than
to form *H first-step protonation. Because the metal active site on
the monolayer for the catalyst is limited, so once the active site is
occupied by *CHOO or *COOH, there will be no spare active site for
the HER reaction, and therefore M@P,Si (M=Sc, V, Cr) has good
CRR selectivity. It is noteworthy that for V@P,Si catalysts AGscyoo
is less than AG«coon, SO it is thought that for V@P,Si its first step
of protonation prefers the formation of *CHOO intermediates.

Next, we consider the protonation of *COOH or *OCHO by as-
sessing the free energy of further reduction intermediates (Fig. 3).
Fig. 4 shows a schematic structure of the key intermediates in
the most suitable CRR reaction pathway. Given the wide variety
of products in the CRR pathway, we next determined the optimal
reaction pathway and the main reduction products by comparing
the change in Gibbs free energy of protonation at each step and
the magnitude of the P,Si adsorption energy of the products [70].
The intermediates obtained from the first step of hydrogenation in
CRR are *COOH and *CHOO, and if the protonation of *COOH con-
tinues it will undergo *COOH +H* +e~ — *CO+H,0— *+CO to
give the product carbon monoxide (CO). In contrast, *CHOO under-
goes *CHOO +H+e~ — 0*CHOH — * + HCOOH to obtain the prod-
uct formic acid (HCOOH). Whether the CO and HCOOH obtained
can be desorbed from the P,Si monolayer depends on the size
of the adsorption energy, if the adsorption energy is small then
it can be desorbed from the SACS surface and vice versa it is
further protonated. As shown in Fig. 3, it is energetically easier
to form *CHOO and then further hydrogenates to form *OCHOH,
but HCOOH has adsorption energy of —0.28 eV which is easier to
desorb and therefore energetically more favorable to formic acid
(HCOOH). The most suitable reaction pathway for CRR is, therefore,
*CO, — *CHOO — O*CHOH — * + HCOOH, with the final reduction
product being HCOOH. In addition, we have calculated all other
possible pathways in Fig. 3, which shows all the possibilities for
the CRR.

The overpotential is an important parameter in assessing the
performance of a catalyst [71]. To achieve high reactivity and selec-
tivity for CO, reduction, the catalyst should have a relatively large
negative limiting potential. From the formulae used to calculate the
details, it is clear that a larger negative limit potential corresponds
to a smaller overpotential. In the V@P,Si-catalyzed CO, reduction
process, where the potential decisive step is *OCHOH — *+HCOOH,
the limited potential is —0.5V (vs. RHE), and the overpotential is
0.75V (vs. RHE), respectively.

In conclusion, we predicted a P,Si monolayer using the CA-
LYPSO package, and the stabilities were examined via formation
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energy, mechanical criteria, MD simulations, and phonon disper-
sion first. The P,Si monolayer is a semimetal with a band gap of
0.0047 eV at the GGA-PBE level or metal for HSEO6 hybrid func-
tional. We further focus on transition metal single-atom catalysts
(TSACs) as potential CO, electroreduction catalysts, and the best
performing V@P,Si was screened by using the bandgap change af-
ter metal atom doping. The activation ability of the SACs towards
CO,, the migration potential of metal atoms on the P,Si monolayer,
molecular dynamics simulation stability assessment, and compar-
ing the Gibbs free energy change for the first protonation step of
CRR and HER were studied and discussed, showing that the V@P,Si
has good CRR selectivity rather than hydrogen production. Espe-
cially in the V@P,Si-catalyzed CO, reduction process, where the
potential decisive step (PDS) is *OCHOH —*+HCOOH, the limiting
potential is —0.5V (vs. RHE) and the overpotential is 0.75V (vs.
RHE). Our theoretical calculations predict that the P,Si monolayer
is a potential 2D material in nanoelectronics, and V-modified P,Si
monolayers are expected to be ideal as novel single-atom catalysts
for the electrocatalytic reduction of CO,.
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