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ling in silicon-based dual-atom
catalysts for enhanced CO2 reduction: insight into
electron regulation of active center and
coordination atoms†

Meijie Wang, a Yaowei Xiang,a Yuxing Lin,a Yang Sun, a Zi-zhong Zhu, a

Shunqing Wu a and Xinrui Cao *ab

Transition metal (TM) dual-atom catalysts (DACs) show promise for carbon dioxide reduction reaction

(CO2RR) through d–d orbital cooperative interactions, but their effectiveness is often curtailed by the

linear scaling relations between *CO and *CHO on transition metal sites, typically resulting in CO as the

predominant product. Specifically, the p–d orbital coupling may exert further influence to regulate the

electronic properties and catalytic activity of DACs, which will be of great significance for promoting

CO2RR. Herein, we combine density functional theory (DFT) and machine learning (ML) to investigate the

potential of heteronuclear DACs with the Si-TM dual-atom active sites in CO2RR and evaluate the

influence of the coordination environment. Among 27 SiTMN6 and 336 SiTMN5An (A = B, C, and n

represents position) DACs, three SiTMN6 and six SiTMN5An DACs demonstrate high activity and

selectivity in converting CO2 to CH4 or CH3OH. The pz band distribution ð30pz
Þ, influenced by both p–

d orbital coupling and the coordinating environment, has been elucidated. The optimal 3
0
pz

results in

superior reaction activity by facilitating optimal adsorption effects for reaction intermediates. This work

not only provides comprehensive understanding of reaction mechanisms for CO2 reduction on silicon-

based dual-atom catalysts, but also reveals the irreplaceable role of p–d coupling in the performance

regulation of DACs. With this knowledge and the aid of machine learning, we establish fundamental

principles and descriptors for the accelerated discovery of efficient dual-atom catalysts.
1 Introduction

Efficient conversion and optimal utilization of carbon dioxide
(CO2) are critical for advancing a sustainable and carbon-
neutral economy.1–3 Electrocatalytic reduction has emerged as
a prominent approach for converting CO2 into valuable green
fuels, such as carbon monoxide (CO), formic acid (HCOOH),
formaldehyde (CH2O), methanol (CH3OH), methane (CH4), and
ethylene (C2H4), thereby achieving carbon neutrality in a closed-
loop system.4–6 Despite its potential, the commercialization of
electrocatalytic CO2 reduction (CO2RR) is hindered by chal-
lenges associated with existing catalysts.

Recently, a variety of single-atom catalysts (SACs) composed of
non-precious metals have been identied as promising candi-
dates for the CO2RR.6 These SACs, particularly those N-doped
graphene-supported single transition metal atoms (M–N–C, M =
sity, Xiamen 361005, China. E-mail:

oretical and Computational Chemistry,

tion (ESI) available. See DOI:

of Chemistry 2024
Fe,7 Co,8 Ni,9 Mn,10 etc.), are notable for their 100% active atom
utilization, relatively high activity and selectivity, and the
tunability of the active center microenvironment.11–13 However,
the chemical inertness of CO2 with the highest oxidation state of
carbon, attributable to the extremely high thermal stability and
the nonpolarity, results in physical adsorption and quite weak
activation at the single atom site.14–16 Furthermore, the electro-
catalytic activation and deep reduction of CO2 through proton-
coupled electron transfers are constrained by kinetic limita-
tions, with CO oen being the primary product of SACs for
CO2RR. Dual-atom catalysts (DACs), not only possess the advan-
tages of SACs but also allow the enhancement of inert molecule
activation and the optimization of multi-electron transfer
pathways,12,17–19 owing to their synergistic interactions, which
positions them as promising candidates for advancing CO2RR
technology. Extensive experimental20–29 and theoretical30–33 inves-
tigations show that DACs incorporating d-block metal atoms have
enhanced electrocatalytic performance due to d–d orbital inter-
actions. However, the range of products is predominantly limited
to few-electron transfer species CO. While some DACs show
potential for facilitating multi-electron transfer reactions, their
broader applicability is still restricted by the linear scaling
J. Mater. Chem. A
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relations between *CO and *CHO on transition metal sites. This
inherently limits the further reduction of CO, posing a signicant
challenge for achieving multi-electron transfer products.30–33

The strategic incorporation of p-block atoms and transition
metal atoms has revealed remarkable effects on electronic prop-
erties and catalytic activities due to p–d orbital coupling.34Most of
the previous researches on the p–d orbital coupling primarily
focused on introducing nonmetal heteroatoms (e.g., B, C, N, etc.)
as coordination atoms to regulate the electronic structure of the
active atoms, yet it fails to provide a synergistic site. Actually, p-
block elements such as Al, Ga, Ge,35 Si,36,37 and Sn38 not only
modulate the local coordination environment and the d-band
distribution of the transition metal centers but also jointly
assume as the role of the active site. When bonded to d-block
metals for CO2RR, they can optimize the adsorption strength of
reaction intermediates and facilitate the reaction. Specically, the
Cu–Si direct bonding in the core–shell structured Cu–SiO2 cata-
lyst makes the nearby bare Cu sites with large charge density, and
these bare Cu sites and the Si–O–H sites are conducive to stabi-
lizing the *CHO intermediate on the Cu–Si interface, thus
enhancing the selectivity for converting CO2 into multi-electron
transfer and multicarbon products.36 In addition, experimental
work by Kim et al. has characterized SiFe sites loaded on N-doped
graphene, which exhibited high oxygen reduction reaction (ORR)
activity.39 Based on these insights, our prior research has focused
on DACs with the SiFeN6 conguration for CO2RR, where the Si–
Fe centers signicantly enhance the adsorption and activation of
*CO2, facilitating its selective reduction to CH4.37 This prelimi-
narily demonstrates the potential of SiFeN6 DACs for electro-
catalytic CO2RR. In addition, the inuence of changes in the
coordination environment on catalytic activity is signicant.40–49

However, to the best of our knowledge, there remains a lack of
systematic studies focused on screening and designing SiTM
DACs that incorporate various transition metal atoms and coor-
dination environments. Given themany possible combinations of
heteronuclear dimers and coordination environment, as well as
the currently many unexplored DACs in the experiment, it is
imperative to establish a feasible strategy, by which we could
elucidate the fundamental factors that enhance CO2RR, thereby
facilitating the rational design of promising candidates with
much improved CO2RR activity.

In this work, utilizing density functional theory (DFT) calcu-
lations and machine learning (ML), we systematically investigate
the CO2RR performance of heteronuclear 27 SiTMN6 DACs and
336 SiTMN5An DACs, where A is either Boron or Carbon, indi-
cating B or C substitution for the N atom closest to the Si and TM
atoms, the positions of different N atoms are labeled by n
embedded on a two-dimensional N-doped graphene surface. We
successfully screened out three SiTMN6 and six SiTMN5An DACs
with high activity and selectivity in converting CO2 to CH4 or
CH3OH. The pz band distribution ð30pz Þ, inuenced by both p–
d orbital coupling and the coordinating environment, have been
elucidated. The optimal 3

0
pz
results in superior reaction activity by

facilitating optimal adsorption effects for reaction intermediates.
A detailed analysis of the reaction activity and electronic structure
of these DACs enables us to suggest a universal strategy for
designing high-performance CO2RR catalysts. This proposed
J. Mater. Chem. A
strategy serves as a guiding framework for further exploration of
various DACs compositions, with the goal of improving their
applicability in diverse electrocatalytic reactions.

2 Computational details

We use the Vienna Ab initio Simulation Package (VASP) based on
spin-polarized density functional theory50,51 for the generation
of self-consistent relaxed geometric optimization. The projector
augmented-wave (PAW) method was used to describe the ion–
electron interaction.52 The Perdew–Burke–Ernzerhof (PBE)
generalized gradient approximation (GGA) was used to describe
exchange-correlation.53 The DFT-D3 method was used to eval-
uate van der Waals interactions between the substrates and
adsorbates.54,55 The plane wave energy cutoff was set as 500 eV.
The Brillouin-zone integration was performed using a 3 × 3 × 1
k-point mesh for geometric optimization and a 9 × 9 × 1 k-
point mesh for electronic property calculations. The electronic
energy and forces were converged to 1.0 × 10−5 eV Å−1 and
0.02 eV Å−1, respectively. The VASPKIT code56 was used to post-
process the VASP calculated data.

To take into account the effects of solvation and applied
potentials on the reaction free energies, we continue to optimize
the structure obtained from the VASP calculations using the
open-source plane-wave DFT soware JDFTx.57 The free energy of
the reaction intermediates was calculated using the constant
potential method (CPM), and the applied potential is set to 0 V.
The solvation effect was considered using the CANDEL model.58

All calculations were modeled using Perdew–Burke–Ernzerhof
(PBE) functional53 and GBRV 1.5 pseudopotentials,59 considering
an electronic planewave cutoff of 20 hartree and charge density
cutoff of 100 hartree. The van der Waals interactions between the
substrates and adsorbates were evaluated using the DFT-D3
method.54,55 The Brillouin-zone integration was performed
using a 3 × 3 × 1 k-point mesh for geometric optimization and
electronic property calculations. The convergence criteria of
electronic energies were set to 1 × 10−5 eV (3.67493 × 10−7 har-
tree) and 1 × 10−6 eV (3.67493 × 10−8 hartree) for geometric
optimization and electronic property calculations, respectively.

The free energy change of each fundamental step was
calculated by58

DGCPM = G(I2) − G(I1) − G(H2(g))/2 + jejU − (q1 − q2)me (1)

where the G(I1) and G(I2) donate the free energies of the reactants
and products at corresponding potentials, and theG(H2(g))/2 is the
free energy of the hydrogen. The U is the applied potential versus
reversible hydrogen electrode (RHE). Also, q1 and q2 represent the
total net charges of reactants and products, respectively. And the me
is the electron energy determined by the electrode potential.

The formation energy (Ef) of SiTM dimer embedded N-doped
graphene is calculated as

Ef ¼ 1

2

�
ESiTMN6

� EV4N6
� ESi � ETM

�
(2)

The meaning of 1/2 represents the average formation energy
of Si and TM atoms embedded in V4N6-graphene (V: vacancy,
This journal is © The Royal Society of Chemistry 2024
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and N: nitrogen). ESi and ETM are the DFT energy of Si and TM
atoms in their most stable bulk structures, respectively. EV4N6

is
the DFT energy of N-doped graphene framework with four
vacant sites. ESiTMN6

is the DFT energy of SiTMN6 DACs.
The dissolution potential Udiss(TM) are dened as,

UdissðTMÞ ¼ Uo
dissðTM; bulkÞ � ESiTMN5An � ESiV2N5An � ETM

ne
(3)

where Uo
diss(TM, bulk) are the standard dissolution potential of

TM bulk. And n is the number of electrons involved in the TM
bulk dissolution process. ESiV2N5An is the DFT energy of
SiTMN5An without TM atom. ETM is the DFT energy of TM atom
in it's most stable bulk structure.60

Furthermore, in our machine learning (ML) analysis, we
employed Gradient Boosted Regression61 (GBR) models to
predict the adsorption free energies (DG*CO2

and DG*OH). To
evaluate the performance of the model, a vefold cross-
validation was performed on the training dataset. The data
was split into training and test sets with a ratio of 8 : 2. Addi-
tional details regarding feature selection, algorithm selection,
and model training regimes can be found in the ESI.†
3 Results and discussions
3.1 Research framework for SiTM DACs

This study utilizes a combined approach of DFT calculations and
ML techniques to enhance the understanding and optimization of
SiTMN6 and SiTMN5An DACs for CO2RR, as illustrated in Fig. 1.
Firstly, we constructed 28 heteronuclear SiTMN6 DACs using
Fig. 1 Illustration of our research framework. The blue dashed box de
SiTMN6 DACs, identifying catalytic activity descriptors (DGmax). The red d
coordination replacing in the N6 coordination environment with B and C
optimal catalysts and verifying the universality of our proposed descripto

This journal is © The Royal Society of Chemistry 2024
different combinations of TM atoms and Si atom, with the TM
atoms ranging from 3d, 4d and 5d transition metals from IIIB to
IIB (except Hg). DFT calculations were then performed to assess
the comprehensive performance of CO2RR on these aforemen-
tioned SiTMN6 DACs, and the corresponding activity descriptors
were also explored. In order to optimize the catalytic performance
of SiTM DACs and verify the universality of reaction activity
descriptions, a catalytic space with 336 catalysts is constructed by
exploring the diversity of SiTMN5An DACs by considering B and C
substitutions in the N6 coordination environment. Currently,
machine learning is widely used to accelerate the acquisition of
new material properties in a vast chemical space.62–68 Herein, we
used the adsorption Gibbs free energies of CO2 (DG*CO2

) and *OH
(DG*OH) of the SiTMN5An DACs as a proxy. Utilizing the scikit-
learn69 library, several combinations of feature selection, algo-
rithm selection, and model training regimes were systematically
explored to determine the optimal model (for detail discussions,
see ESI†). Next, the optimal trained ML model was applied to
predict DG*CO2

and DG*OH of the SiTMN5An DACs. Aer that, we
performed high-throughput screening of these catalysts. This
screening process led to the identication of six exemplary cata-
lysts for CO2RR, verifying the effectiveness of our proposed
descriptor in guiding the optimization of catalysts.
3.2 Structure and stability of SiTM6 DACs

Previous theoretical investigations demonstrated that TM
dimers embedded graphene with six doped N atoms and four
carbon vacant sites (V4N6-graphene; V: vacancy, and N:
scribes the comprehensive evaluation of the CO2RR performance of
ashed box outlines the construction of a new catalyst space through
, and the screening process based on ML results, ultimately screening
rs in predicting and enhancing catalytic performance.

J. Mater. Chem. A
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nitrogen) is the most energetically favorable conguration.
Additionally, a range of advanced characterization techniques
have conclusively veried the presence of atomically dispersed
dual-atom TM pair sites on N-doped graphene.28,29 Accordingly,
these constructed SiTMN6 DACs are based on this binding. As
displayed in Fig. 1, the Si and TM atoms in DACs are bonded
and both surrounded by three pyridine sp2-N atoms. The
calculated Si–TM bond lengths are in the range of 2.24 Å to 2.90
Å (Fig. 2(a)). Obviously, the bond lengths between Si and TM
Fig. 2 (a) The formation energies and bond length between Si atoms a
atoms and TM atoms on different SiTMN6 DACs; (c) The adsoption free
Partial data missing represents no stable adsorption structure; (d) relation
TM1TM2N6-NC31 and TM1TM2-C2N32 DACs. For clarity and simplicity in

J. Mater. Chem. A
atoms initially decrease and then increase from le to right
across the same period. Additionally, it is important to note that
different transition metal atoms inuence the geometric
conguration of SiTM atomic pairs. As illustrated in Fig. S5 and
S6(a),† only SiTMN6 DACs featuring TM atoms such as Mn, Fe,
Co, Ni, Pd, and Pt maintain nearly planar geometries. In
contrast, other TM atoms lead to the protrusion of Si atoms
from the graphene plane. When the degree of protrusion is
relatively mild, Si continues to bond with three nitrogen atoms
nd TM atoms on different SiTMN6 DACs; (b) The charge transfer of Si
energies of different CO2 adsorption configuration on SiTMN6 DACs.
ship of 3d and DG*CO2

; (e) DE*CHO and DE*CO on different SiTMN6-NC,
the figures, SiTMN6 is abbreviated as TM, as same below.

This journal is © The Royal Society of Chemistry 2024
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(Nc = 3). For transition metals with larger radius, the protru-
sions are more distinct, leading to the rupture of the bond
between Si and the nitrogen atom at position 3 with the corre-
sponding distances are larger than 2.2 Å, as depicted in Fig. S7.†
Accordingly, the Si bonds with only two nitrogen atoms (Nc = 2)
and the TM typically remains coordinated with three or four
nitrogen atoms, as detailed in Fig. S6(b and c).† Furthermore,
the heatmap in Fig. S6(d)† displays SiTMN6 structures with
various transition metals, indicating that most early and early-
middle transition metals exhibit Nc = 2, whereas most late-
middle and late transition metals show Nc = 3. Moreover, the
formation energies (Ef) of these 28 SiTMN6 congurations were
all negative, ranging from −2.25 to −0.04 eV, indicating their
thermodynamic stability, as shown in Fig. 2(a).

The Bader charge analyses were used to study the electron
transfer features of SiTMN6 DACs. As shown in Fig. 2(b), the
results revealed that both Si and TM atoms donate electrons to
N-doped graphene. The charge transfer quantity of Si atoms
initially increases and then decreases from le to right across
the same period, while the TM atoms show the opposite trend.
For early TM atoms, the TM atoms exhibited a higher positive
charge compared to Si atoms. However, in congurations
involving middle to late transition metals, the charge distribu-
tion reversed, with Si atoms carrying more positive charge. This
charge analysis indicates that the incorporation of Si improves
the adsorption and activation of negatively charged reactants,
such as *OH and O atom in *CO2 or *CHO, relative to tradi-
tional TM DACs. This advantage is particularly notable when Si
is combined with TM atoms in the middle and later stages of
the periodic table.

Next, we focus on the adsorption and activation of CO2,
which are crucial for CO2RR. We analyzed three primary
adsorption congurations, as depicted in Fig. 2(c). The Si–O–
TM–C bonding conguration (Cong. 1) was found to be the
most energetically favorable for most SiTMN6 DACs, attributed
to the higher positive charge on Si. In contrast, for early TM
SiTMN6 DACs (TM = Sc, Y, Ti, Zr, Hf), where TM atoms carry
a more signicant positive charge, the Si–C–TM–O bonding
conguration (Cong. 2) was preferred. The Si–O–C–TM–O
conguration (Cong. 3) consistently showed the least energetic
favorability across all structures. Notably, we observed distinct
adsorption capabilities for CO2 among the early, middle, and
late TM atoms, displaying a clear volcano relationship. Middle
TM atoms exhibited the highest CO2 adsorption capability,
while early and late TM atoms both showed comparatively
weaker ability to bind CO2. To elucidate the origin of the
difference, we calculated the partial density of states (PDOS) for
the molecule–substrate systems. As illustrated in Fig. S8(b)† for
SiMoN6 DACs, before adsorption, the Mo 4d orbitals are local-
ized near the Fermi level, with a semi-empty and semi-full
d orbitals, which facilitate electron donation to the lowest
unoccupied molecular orbital (LUMO) of CO2 and electron
acceptance from the CO2 highest occupied molecular orbital
(HOMO). Aer adsorption, the occupied CO2 1pg orbitals
donate electrons to the Mo 4d orbitals, while the Mo 4d orbitals
back-donate electrons to the antibonding 2pu orbitals of the
CO2 molecule. As shown in Fig. S8(a) and (c),† compared to the
This journal is © The Royal Society of Chemistry 2024
Mo 4d orbitals, the 4d orbitals of Nb shi upward, and the 4d
orbitals of Rh shi downward. These shis both weaken the
electronic interaction between SiTM dual-atom center and CO2.
This trend correlates with the 3d, as detailed in Fig. 2(a). When
the 3d is distant from the Fermi level, the interaction between
the transition metal and the adsorbed molecules is weak,
resulting in weaker adsorption. It is noteworthy that Si atoms
enhance the adsorption and activity of CO2 by the p–d coupling.
As illustrated in Fig. S9(a),† we observed signicant p–
d coupling interactions between Si 3p and Fe 3d orbitals.
Compared to the Fe2N6 DACs (S9(b)†), the p-electrons in Si are
more spatially delocalized than the d-electrons in TM atoms,
facilitating more effective electron interactions with the orbitals
of CO2 molecule at deeper energy levels. Additionally, the
increased positive charge on Si in SiTM congurations further
enhances their adsorption and activation capabilities for CO2

compared to homonuclear transition metal atoms DACs.37

Previous theoretical studies have identied that the sup-
ported TM dimer catalysts are limited by a linear scaling rela-
tionship between the adsorption energies of *CO and *CHO
intermediates.31,32 This scaling relationship has been a signi-
cant hindrance, preventing the efficient reduction of *CO to
*CHO, and thereby limiting the conversion of CO2 to multi-
electron transfer products such as CH3OH and CH4. Our nd-
ings, as depitcted in Fig. 2(b), suggest that the incorporation of
Si atoms into the SiTMN6 structures maintains the linear
scaling relationship. However, it enhances the stabilization of
the *CHO intermediate. This stabilization is crucial as it facil-
itates the transition from *CO to *CHO. As shown in Fig. S10,†
similar to the adsorption of CO2, the p-electrons in silicon are
more spatially delocalized compared to the d-electrons in
transition metals. Such delocalization enhances the efficiency
of electron interactions with the orbitals of the O atom in *CHO.
Consequently, SiTMN6 dual-atom catalysts exhibit the potential
to effectively reduce CO2 to multi-electron transfer products.
3.3 CO2RR pathways and activities of SiTM6 DACs

To evaluate the CO2RR performance of different SiTMDACs, the
Gibbs free energy proles of SiTM DACs systems based on C1

product pathways were systematically explored. Due to the
inability of SiAuN6 to capture CO2 (DG*CO2

> 0 eV), we will not
conduct a systematic study on it. Fig. 3(a) summarizes the
optimal CO2RR pathways across all SiTMN6 structures, with
detailed free energy step diagrams provided in Fig. S11–S20.†
Additionally, Table S3† presents the products, DGmax, and
Potential-determining Steps (PDS) for all structures.

Our research elucidates distinct reaction pathways for
SiTMN6 DACs, varying with the type of TM atoms utilized. Note
that the Si–TM DACs have comparable activity for early and
middle TM atoms, where Si and TM catalyze different reaction
intermediates. Conversely, in DAC systems with late TM atoms,
TM atoms exhibit weak catalytic activity. The reaction inter-
mediates are mainly adsorbed on the top position of Si.

In systems doped with early transition metals (Sc, Y, Ti, Zr,
Hf), CO2 initially undergoes hydrogenation to form the *OCHO
intermediate, as depicted in Fig. 3(a). During this process, Si–O
J. Mater. Chem. A

https://doi.org/10.1039/d4ta06642a


Fig. 3 (a) Reaction pathways for CO2RR on SiTMN6 DACs; (b) the computed DGmax of SiTMN6 DACs for CO2RR.
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and TM–O bonds form, which are subsequently hydrogenated
to *OCH2O. This intermediate preferentially dissociates into
*OH and *CH2O. Further, *CH2O undergoes a series of reduc-
tion reactions on TM atoms (Sc, Y), leading to CH4 through the
pathway *CH2O / *OCH3 / *CH3OH / *OH + CH4. Alter-
natively, on TM atoms (Ti, Zr, Hf), *CH2O is reduced to CH4 via
the pathway *CH2O/ *OCH3 / *O + CH4. Subsequently, *OH
J. Mater. Chem. A
is hydrogenated to *H2O, followed by *H2O desorption. In the
case of *O, it is rstly hydrogenated to form *OH, and then
further hydrogenated to *H2O.

In SiTMN6 DAC systems doped with early transition metals
(V, Nb, Ta) andmiddle transitionmetals (Cr, Mo, W, Mn, Tc, Re,
Fe, Ru, Os, Co, Rh, Ir), a preference is observed for dissociated
*CO + *OH intermediates, with *CO adsorbed on TM and *OH
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Correlations between (a) DG*OH, (b) Npz
, (c) 3

0
pz

and (d) 3d and
DGmax of SiTMN6 DACs.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
11

/6
/2

02
4 

4:
38

:4
9 

A
M

. 
View Article Online
on Si. This preference is attributed to the proximity of the
intermediate transition metal d electrons to the Fermi level,
which strongly activates CO2 and weakens the C–O bond. In
systems containing early transition metals (V, Nb, Ta), *CO is
preferentially reduced to CH4, following the sequence *CO /

*CHO / *CH2O / *OCH3 / *O + CH4. Subsequently, two
*OH groups are coupled to form *H2O, and then the desorption
of *H2O followed. For systems with middle transition metals
(Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os), the primary process involves
the hydrogenation of *OH groups to *H2O, and then *H2O is
desorbed. This is followed by the reduction of *CO to CH4 via
the following pathways: (i) For Fe and Ru: *CO / *CHO /

*CH2O / *OCH3 / *O + CH4; (ii) For Cr, Mn, Tc: *CO /

*CHO/ *CH2O/ *CH2 + *OH/ *CH3 + *OH/ *OH + CH4;
(iii) For Mo, W, Re, Os: *CO / *CHO / *CHOH / *CH2 +
*OH/ *CH3 + *OH/ *OH + CH4. In systems with Co and Rh,
*CO is preferentially reduced to *CH3OH through the pathway
*CO/ *CHO/ *CHOH/ *CH2OH/ *CH3OH, followed by
hydrogenation of *OH to *H2O and desorption of *H2O. Simi-
larly, in systems with Ir, *CO follows the same reduction
pathway, with *OH on Si being preferentially hydrogenated to
*H2O. The *CH2OH is then converted to CH4 via the sequence
*CH2OH / *CH2 + *OH / *CH3 + *OH / *OH + CH4.
Subsequently, *OH is hydrogenated to *H2O and then
desorbed.

In systems incorporating late transition metals (Ni, Pd, Pt,
Cu, Ag, Au, Zn, Cd), the SiTM DACs predominantly facilitate the
formation of the vertical *OCHO intermediate. Among them,
one O of *OCHO only bonds with Si. This intermediate is
subsequently reduced to CH4 through the pathway: *OCHO /

*HCOOH/ *OCH2OH/ *OCH2OH2 / *CH2O/ *OCH3 /

*O + CH4. Following this pathway, *O is initially hydrogenated
to *OH, which is then further hydrogenated to *H2O prior to
desorption.

Interestingly, despite these differences, CH3OH or CH4, the
multi-electron transfer product, emerged as the most favored
product in all cases. The Gibbs free energy change in the most
basic step of CO2 reduction on SiTMDAC is more favorable than
that on traditional TM DACs, especially the energy change from
*CO to *CHO is signicantly reduced, which allows *CO to be
further reduced into multi-electron transfer products. However,
the high positive charge carried by Si complicates the desorp-
tion of *OH, making the *OH / *H2O transition the potential-
determining step, as summarized in Table S3.† Si atoms are
easily occupied by *OH in most cases. And *OH is an interme-
diate in all pathways, indicating the importance of *OH in
CO2RR. As shown in the Fig. 3(b), among the 27 SiTMN6 DACs,
seven of them (Co, Ni, Y, Rh, Pd, Ir, Pt) exhibit lower DGmax

characteristics than SiFeN6, indicating that these structures
have higher activity in CO2RR.

We also explored the competitive relationship between the
CO2RR and the hydrogen evolution reaction (HER), as illus-
trated in Fig. S21.† In all cases, SiTMN6 structures demon-
strated a preference for CO2RR. Additionally, we examined the
competitive adsorption of *H, *H2O, and *CO2. *H and *H2O
are predominantly adsorbed at the Si sites, whereas *CO2 is
bound to both Si and TM atoms. This differential adsorption
This journal is © The Royal Society of Chemistry 2024
behavior suggests that the *H and *H2O adsorptions have less
inuence on TM atoms, compared to that of *CO2. As shown in
Fig. S22,† DG*H2O − DG*CO2

and DG*H − DG*CO2
are linearly

correlated with DG*CO2
. Enhanced CO2 adsorption facilitates the

progression of CO2RR, making the pairing of middle TM atoms
with Si particularly advantageous. According to the tting
results, when DG*CO2

is less than −0.96 eV, SiTM DACs will have
stronger adsorption interactions with *CO2, compared to *H
and *H2O. Therefore, among the 7 SiTM DACs with DGmax lower
than SiFeN6, the SiCoN6, SiRhN6 and SiIrN6 DACs are more
likely to exhibit superior CO2RR performance. Furthermore, we
calculated the dissolution potentials for the SiCoN6, SiRhN6,
and SiIrN6 DACs, nding that all values exceeded 0 V, as shown
in Table S4.† This suggests that these structures are stable
under electrochemical conditions.
3.4 Exploration of universal descriptors for SiTMN6 DACs

In general, the catalytic descriptors are invaluable tools for
evaluating performance and guiding the design of highly active
catalysts. Here we have systematically analyzed several general
descriptors to gauge the reactivity of reactants on various
SiTMN6 DACs.

Firstly, for a series of same reactions or intermediates, their
free energy changes oen exhibit linear correlations due to their
similar interactions in chemical environments and active sites.
Accordingly, we employed the similar descriptor DG*OH to
describe the catalytic behavior of CO2RR on SiTMN6 DACs.
Selection of descriptor is based on the fact that PDS occurs
mainly in *OH / *H2O. We found a linear relationship
between DG*OH and DGmax (Fig. 4(a)). And there is a tendency
that DGmax is too high when Nc = 2, and the DGmax is relatively
low when Nc = 3. The production of *H2O from *OH species is
challenging to achieve due to the strong combination of *OH
species, resulting in the *OH / *H2O production as the PDS.
Consequently, the appropriate reduction of the DG*OH through
J. Mater. Chem. A
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adjustment of the electronic structure enables to acquire
superior active catalysts.

However, what is the key factor that affects the DG*OH?
Considering the interaction between SiTMN6 DACs and reaction
intermediates, notably *OH and *H2O, primarily adsorbed on
the top of Si. Further investigation explored the relationship
between the electronic properties of Si and reaction activity. We
initially correlated the number of pz electrons (Npz

) with DGmax.
As illustrated in Fig. 4(b), as Npz

decreases, the DGmax decreases.
This is due to a larger Npz

leading to more electron interaction
with the O atom in *OH. However, Npz

in Si atoms only shows
a weak linear correlation with DGmax. This indicates that the Npz

in Si atoms are insufficient for describing the CO2RR activity.
We then explored the pz distribution of Si atoms, which is
represented by the pz band distribution ð30pz Þ. As shown in
Fig. 4(c), the 3

0
pz

of Si atoms exhibits a signicant linear corre-
lation with DGmax. The smaller the 3

0
pz
, the higher the DGmax.

Similarly to DG*OH, whenNc= 3, there are smallerNpz
and larger

3
0
pz
. Additionally, while *OH is adsorbed at the top site of Si in

various SiTM DACs, the capacity for *OH adsorption varies
depending on the associated TM atoms.

To investigate the interactions between the Si atom and *OH,
as well as between the Si atom and the TM atom, we analyze
PDOS for these systems. Here two characteristics can be found:
(i) as exemplied with SiCrN6, SiIrN6, SiAgN6 and Si2N6 DACs in
Fig. S23,† the DG*OH/*H2O values of these structures are 0.52,
0.08, 0.53, and 0.35 eV, respectively. We found that the TM d-
orbitals regulate the distribution of pz orbitals of Si through
the p–d coupling. Notably, the d electron distribution of Cr is
closest to the Fermi level, resulting in optimal alignment with Si
pz electrons and the most robust p–d coupling. This alignment
induces pronounced electron occupation and unoccupied
states in Si pz near the Fermi level. Conversely, as the d electron
distribution shis downward (SiIrN6), the strength of this
coupling effect reduces, where strong pz electron occupancy is
absent. Intriguingly, as the d electron distribution shis further
downward (in the case of SiAgN6), a pronounced p–d hybrid-
ization peak reemerges below the Fermi level. The proximity of
pz electrons to the Fermi level enhances electron transfer from
Si to *OH, resulting in increased *OH adsorption. Additionally,
prior to adsorption, the SiIrN6 structures exhibited signicantly
lower number of pz electrons compared to the other congu-
rations, effectively reducing Si–OH interactions. Aer adsorp-
tion, the other three structures showed a substantial transfer of
pz electrons to *OH. This suggests a trend characterized by an
optimal d band distribution, complemented by a suitable pz
band distribution and a reduced DGmax. (ii) As exemplied with
SiFeN6, SiRuN6 and SiOsN6 DACs in Fig. S24,† the DG*OH/*H2O

values of these structures are 0.28, 0.53 and 0.52 eV, respec-
tively. We have discovered that an increase in the coordination
number of nitrogen can decrease the pz electrons in Si atom,
raising the 3

0
pz

larger, thereby decreasing the reactive activity of
Si. Specically, the Fe, Ru, and Os exhibit a closely related
d electron distribution. However, the corresponding pz electron
counts are 0.56, 0.78, and 0.78, respectively. And pz electron
distribution as a whole move upwards, away from the Fermi
level. Therefore, this results in a lower DGmax for SiFeN6 DACs
J. Mater. Chem. A
compared to SiRuN6 and SiOsN6 DACs. This phenomenon is
primarily attributed to the more suitable radius of Fe compared
to other elements, which allows the Si atom to form stronger
bonds with three coordinated nitrogen atoms on the graphene
surface, thus affecting its chemical activity. These trends
correlate with the 3

0
pz
, as detailed in Fig. S6(a).† The data is

categorized into two groups,Nc= 2 andNc= 3, with a linear and
volcanic correlation between 3d and 3

0
pz
, respectively. Similar

distinct grouping patterns are also found for the relation
between 3d of TM atoms and DGmax, as shown in Fig. S6(b).†
Specically, as shown in Fig. 4(d), when Nc = 3, 3d values of TM
atoms and DGmax exhibit a volcanic relationship. The optimal
catalytic activity of DACs is observed when Si is combined with
Co, Rh, or Ir. Both excessively deep and shallow 3d energy levels
can lead to suboptimal p–d coupling, causing a gradually
decrease of 3

0
pz
. This decrease complicates the protonation of

*OH, resulting in an excessively large DGmax. These ndings
highlight the signicant role of Si pz electronic properties in
tuning catalytic activity of DACs, which are inuenced by both
p–d orbital coupling and the coordinating atoms. This insight
opens up an avenue for the rational design of DACs through
electron regulation of the dual-atom active site and its interface
environment.
3.5 Exploration of SiTMN5An DACs for CO2RR

Our ndings illustrate that CO2RR activity of SiTMN6 DACs can
be effectively modulated by adjusting the pz electron distribu-
tion in silicon atoms. Since the coordination environment also
has an impact on the diatomic center, the chemical modica-
tion of the N6 coordination environment was also considered
here. Carbon (C) is an intrinsic defect and boron (B) can create
an electron-decient environment to suppress the activity of Si.
Therefore, we decided to replace the N atom with the common
coordination atoms B and C. Considering the unequivalence at
different positions, we have adjusted 6 N atoms closest to Si and
TM atoms, thereby expanding the catalyst space to 336
SiTMN5An DACs. In order to ensure the diversity of the dataset
as much as possible, Au is still retained in this stage.

We consider a rst round of high-throughput screening of
thesematerials for their catalytic activity and selectivity by using
DG*CO2

and DG*OH. This is because sufficient *CO2 adsorption
capacity ensures the progress of CO2RR, and the adsorption
capacity of *OH reects the activity of CO2RR. The acquisition
of DG*CO2

and DG*OH is accelerated by machine learning. The
efficacy of the machine learning approach in our study is
highlighted by the results depicted in Fig. 5(a and b). Both
models demonstrated excellent predictive accuracy with R2

scores of 0.90 across training and test datasets, underscoring
the robustness of the machine learning algorithms employed.
This high level of performance conrms the reliability of using
the optimal feature set derived from our analysis to predict the
desired properties of catalysts within the prediction set.

Fig. 5(c and d) provides a visual representation of the feature
importance forDG*CO2

andDG*OH. Detailed feature descriptions
are shown in Table S2.† The features identied through the
feature engineering process are largely consistent with
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Machine learning training results based on GBR of SiTMN5An
DACs for (a) DG*CO2

and (b) DG*OH. Calculated feature importance
based on GBR of SiTMN5An DACs for (c) DG*CO2

and (d) DG*OH.

Fig. 6 Density contour plots of DG*CO2
and DG*OH for different

SiTMN5An DACs.

Table 1 Final screening results of SiTMN5An. SiTMN5An is abbreviated
as TMAn

Structure DGmax Product Potential-determining step

CoB2 −0.05 CH4 *CO + *OH / *CO + *H2O
CoC2 0.03 CH4 *CO + *OH / *CHO + *OH
RhB2 −0.06 CH4 *CHO + *OH / *CHO + *H2O
RhC2 0.05 CH3OH *CHO + *OH/ *CHOH+ *OH
IrB2 0.03 CH4 *CO + *OH / *CHO + *OH
IrC2 −0.01 CH4 *CO + *OH / *CHO + *OH
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established theoretical understandings. Primarily, the number
of d electrons (Nd) in the TM atoms and the atomic radius (R) of
these TM atoms have been recognized to be critical in inu-
encing both DG*CO2

and DG*OH. Notably, Nd emerges as the
most inuential factor in determining DG*CO2

, underscoring the
primary role of d electron in the interaction between TM atoms
and CO2 molecules. Moderate counts of d electrons are found to
facilitate the strongest CO2 adsorption, indicating that either an
excess or a deciency of d electrons is weak adsorption. Such
d electron population balance ensures that sufficient electrons
are available to donate to the LUMO orbitals of CO2, while also
providing enough empty orbitals to accept electrons from the
CO2 HOMO orbitals, as shown in the Fig. S26.† Furthermore,
d electrons signicantly impact *OH adsorption by modulating
the pz electron distribution in Si, which in turn affects *OH
adsorption. The radius of TM atoms also plays a crucial role by
inuencing the structure and thereby altering the adsorption
energy. This modulation primarily affects the bonding state at
the SiTM active site with its coordination environment. Inter-
estingly, while features related to the coordination environment
generally exhibited lower importance in the training for DG*CO2

,
they were highly signicant in predicting DG*OH. Among these,
P2 (doping of position 2) emerged as a critical factor, high-
lighting the substantial impact that changes in the coordination
environment can have on the adsorption characteristics of *OH.

Subsequently, We employed these models to predict DG*CO2

and DG*OH values for remaining congurations and conducted
a targeted screening based on these predictions. By incorpo-
rating a diverse set of TM atoms and coordination environ-
ments, this model enables us to make predictions within
minutes, signicantly accelerating the screening process. To
ensure the selection of catalysts with optimal reaction selec-
tivity, activity and the prediction error, we established specic
screening thresholds: DG*CO2

was set to be less than −0.87 eV,
This journal is © The Royal Society of Chemistry 2024
and DG*OH was required to be less than −1.05 eV. Fig. 6 and
S27† depict that elements such as Sc, Ti, Ni, Cu, and Zn
demonstrated weak CO2 adsorption capacities, rendering them
less favorable for CO2 reduction. Further screening highlighted
that modifying the coordination atoms directly bonded to Si,
particularly the N atoms at positions 1 and 2, could effectively
lower DG*OH.

Aer applying these criteria, 33 structures remained eligible
for further analysis, as detailed in Table S5.† We then con-
ducted DFT calculations on these structures to rene the
selection based on DG*OH/*H2O, identifying 6 potential cata-
lysts with DG*OH/*H2O values below 0 eV. Ultimately, the
screening process predominantly selected structures involving
Si and Co, Rh, Ir, with a preference for congurations where N
atom at position 2 was replaced. This rened set of candidates
demonstrates the potential for high catalytic activity in CO2RR.
DFT validations were conducted on these six screened catalysts,
with the corresponding free energy step diagrams detailed in
Fig. S28–S30.† The DGmax, products and PDS for these struc-
tures are summarized in Table 1. The DGmax of these structures
ranged from −0.06 to 0.05 eV, indicating that the SiTMN5An
DACs are highly active for CO2RR. In addition, we calculated the
dissolution potentials of these structures and found that they
were all above 0 V, as detailed in Table S4,† indicating that these
structures are stable under electrochemical conditions.

Additionally, the linear relationships between DG*OH and
DGmax, and between 3

0
pz

and DGmax, remain valid aer
J. Mater. Chem. A
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Fig. 7 Correlations between (a) DG*OH, (b) 3
0
pz
and DGmax of SiTMN6 and screened SiTMN5An DACs; (c) correlations between DG for *CO + *OH

/ *CHO + *OH and 3d on SiTMN6 DACs and DGmax and 3d on screened SiTMN5An DACs.
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considering these new structures, as illustrated in Fig. 7(a and
b). This proves that our strategy is effective. However, Npz

in Si
atoms does not exhibit linear relationship with DGmax, as shown
in Fig. S31.† This observation suggests that modications in the
coordination environment do not signicantly alter the electron
transfer capabilities of Si atoms. Instead, these changes
primarily inuence catalytic activity by adjusting the pz electron
distribution in Si.

Actually, the transformation of *OH / *H2O no longer
limits the entire reaction process due to effective regulation of
the coordination environment. For some of the new structures,
the PDS is no longer *OH/ *H2O but shis to *CO/ *CHO or
*CHO / *CHOH, predominantly occurring on TM atoms. In
addition to DGmax for SiCoN5C2, SiRhN5C2, SiIrN5B2 and
SiIrN5C2 DACs, we considered the DG for *CO + *OH/ *CHO +
*OH on SiTMN6 DACs. As illustrated in Fig. 7(c), the relation-
ship between the DG and 3d is a inversely volcanic correlation,
indicating that the closer proximity the 3d to the Fermi level, the
higher the DG. Co, Rh, and Ir have the most suitable d band
center, aligning with the DG values for this reaction, thus
indicating that SiCo, SiRh, and SiIr DACs exhibit optimal
activity. Overall, our strategy effectively reduces DG*OH by
adjusting the pz electron distribution in Si, thereby enhancing
the catalysts' activity.
4 Conclusions

In summary, the catalytic performance of SiTM DACs for CO2RR
was systematically investigated through DFT calculations and
machine learning. It was revealed that the superior activity of
SiTM DACs primarily originates from the exceptional catalytic
capabilities of the Si atoms, which enhance the adsorption and
activation of key reactants. Importantly, the synergistic inter-
action within the SiTM framework effectively enhances the
stabilization of the *CHO, facilitating the conversion to multi-
electron transfer products.

Of all tested SiTM DACs congurations, those incorporating
VIII transition metals (Co, Rh, and Ir) in conjunction with Si
exhibited the highest catalytic performance. Therefore, these
elements should be prioritized when synthesizing high-activity
SiTM DACs for CO2RR applications. The adsorption free energy
J. Mater. Chem. A
of *OH, along with the 3
0
pz

of Si atoms, emerged as critical
descriptors for gauging catalytic performance.

Furthermore, modications to the coordination environ-
ment through B and C substitution were explored via high-
throughput screening of 336 potential structures of DACs,
revealing that B or C substitution at the secondary nitrogen
position signicantly enhances the catalytic activity by modu-
lating the pz electron distribution in Si. This insight into
structural and electronic descriptors emphasizes their impor-
tance in elucidating the activity regulation mechanisms of SiTM
DACs for CO2RR and paves the way for novel design strategies in
dual-atom catalysis.
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