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Abstract: A rational design strategy for active sites on the catalyst surface can effectively
enhance CO; reduction reaction (CO;RR) selectivity. Transition metal atoms from the
fourth (Sc-Ni) and fifth (Y-Mo, Ru-Pd) periods were doped onto the In,S;X (X = Se,
Te) surface to control bimetallic active sites. The study showed that the d-band center’s
position of the dopant atom significantly influences CO;RR selectivity. Cations with
positive d-band centers further from the Fermi level are more inclined towards CH,O,
while those with negative d-band centers closer to the Fermi level favor HCOOH; cations
with d-band centers near the Fermi level exhibit a strong preference for CH3OH. This
study systematically elucidates the intrinsic mechanisms and offers a significant theoretical
foundation for developing highly selective photocatalysts.

Keywords: photocatalyst; selectivity; CO, reduction reaction; DFT; the d-band center

1. Introduction

Inspired by natural photosynthesis, artificial photocatalytic CO, reduction is consid-
ered as a promising green technology that converts CO, into valuable chemical products
(HCOOH, HCHO) or fuels (CH4, CH30H, CO) [1-4], thereby alleviating two world prob-
lems simultaneously: the greenhouse effect and energy shortages [5,6]. However, the
adsorption and activation of CO, molecules requires a lot of energy because it involves
strong C=0 bonds (bond energy ~750 KJ/mol) [7], resulting in the unsatisfactory CO,
photoreduction efficiency. Fortunately, photocatalytic CO, reduction is a proton-coupled
electron transfer process [8,9], which could reduce the energy required for CO; activation.
But this is also accompanied by a new problem, i.e., multiple reduction products. Weak
product selectivity may consume valuable photogenerated electrons and reduce the output
of target products, increasing the economic cost for the multiple products separation. There-
fore, it is of importance to explore CO; reduction photocatalysts with both high conversion
efficiency and single-product selectivity.

One of the key factors that determines the selectivity of reduction products is the
surface state of photocatalysts, which could influence some intrinsic properties of photocat-
alysts, such as energy band structure, electron-hole separation efficiency, light absorption
efficiency, etc. [10]. So far, various strategies have been developed to improve the per-
formance of photocatalytic CO, reduction reaction, including developing atomically thin
photocatalysts, fabricating heterostructures, constructing surface defects, etc. [11-14]. More
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importantly, the interaction mode between CO; and photocatalysts has an important rela-
tionship with the active sites. Therefore, the key to improving the selectivity of reduction
products is to adjust the active sites so that they can selectively bind CO, to obtain adsor-
bates with different configurations and suitable adsorption strengths. Di et al. [15] gained
the highly selective reduction of CO; to CO by doping Co atoms onto the surface of Bi3O4Br,
which lowered the reaction energy barrier. Xiong et al. [16] tuned the CO, conversion
activity and selectivity of photocatalysts by doping different metal atoms (Ti**, Fe3*, Co3",
Ga®* or AI**) into ZnM-LDHs, which adjusted and optimized the d-band center of the
active center metal atoms. Zhou et al. [17] doped Ru atoms in TiO, with rich O vacancies
to selectively reduce CO, to CHy through the synergistic effect of Ru and O vacancies.
Prajapati et al. [18] incorporated Ni and Fe into CeO, nanorods to form a NiO/CeO, /Fe3zO4
heterojunction, which can selectively reduce CO, to CH3OH. In these photocatalysts, metal
sites are generally regarded as the active centers controlling the selectivity of CO, reduc-
tion. By varying the type of metal atoms at the active site, product selectivity can be
tailored favoring for the specific product we wanted. Although metal atom doping has
been extensively studied to regulate CO, reduction product selectivity, the intrinsic link
between the nature of the introduced metal atoms and the CO, reduction selectivity has
not been deeply understood. Therefore, it is necessary to classify the metal atoms at the
active sites according to the selectivity of the reduction products, systematically explore
the effect of introducing specific metals on the CO, reduction performance, and screen out
photocatalysts with high catalytic efficiency.

In previous studies [19], a class of Janus InyS;X (X = Se, Te) monolayer photocatalysts
was designed based on two-dimensional In,Ss, in which the built-in electric field is further
enhanced by the intrinsic polarization. The enhanced built-in electric field can effectively
promote the carrier migration and inhibit the recombination of photogenerated electrons
and holes and has great application potential in the field of photocatalysis. In particular,
introducing double-vacancy defects in InyS,X could result in a more suitable band-edge
potential and a broadened light absorption range extended to the near-infrared region, thus
effectively improving the photocatalytic performance. Other documents show that doped
metal atoms have an important effect on the light absorption and catalytic properties of
In,S3. Doping Ca atoms in InyS3 could result in a suitable band gap (2.16 eV) favoring light
response and also moves the edge potential of the conduction band bottom (CBM) upwards,
improving the separation efficiency of carriers and enhancing the stability and catalytic
activity of InyS3 [20,21]. Feng et al. [22] doped Sn atoms in InyS; and realized more excellent
photocatalytic activity under the irradiation of visible light. Studies by Tapia et al. [23] have
shown that V doping InyS3 can result in a large number of gap bands. Wang et al. [24] doped
Zr atoms in In,S3, which extended the light absorption range to the near-infrared region,
enhancing the utilization of visible light and improving the photocatalytic performance.
Lin et al. [25] found that Ag doping reduces the band gap, while Sn doping increases the
band gap, but Ag and Sn codoping can increase the carrier concentration. Constructing
Janus structures and implementing doping modifications can enhance both the catalytic
performance and product selectivity of the catalyst, thereby addressing the limitations of
In,S; in photocatalysis [19,20]. The photocatalytic performance of InyS; can be effectively
improved by metal atom doping, but the current research is not systematic enough and
lacks a completer and more in-depth reveal of the structure—activity relationship, which
makes us unclear about the intrinsic link between active sites and product selectivity.
Therefore, it is difficult to accurately realize the single selectivity of photocatalysts in
practical applications.

This research is based on the study of double-vacancy In;S;X (V4-X; X = Se, Te), doping
the fourth period (Sc-Ni) and fifth period (Y-Mo, Ru-Pd) transition metals on its surface
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to regulate the active sites, and it explores the influence of active sites on the selectivity
and catalytic activity of CO, reduction products, as shown in Scheme 1. According to
the number of metal cation d orbital electrons, the research mainly studies the doping
structures of d°- (Sc3*, Ti**, Vo+, Y3+, Zr**, Nb**), dO-2- (Cr¥*, Mn3*, Fe3*, Mo**, Ru**), and
d>19- (Co?*, Ni%*, Rh?*, Pd?*) doped V4-X. Then we analyze the mechanism of doping
atoms on the electronic structure, charge transfer, light absorption capacity, and band edge
potential of V4-X. Finally, we calculated the reaction pathways and free energy changes
during the reduction of CO; on different surfaces. The study adjusted the active sites by
doping different metal atoms, revealed the action mechanisms of different bimetallic active
sites on the CO, reduction pathway and product selectivity, and screened out a class of
highly selective and efficient photocatalysts.
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Scheme 1. Photocatalytic CO, reduction on different M@ In,S,X (X = Se, Te) photocatalysts (carbon:
dark gray; oxygen: red; hydrogen: white; indium: turquoise; sulfur: yellow; selenium or tellurium:
light green; doped metal: pink).

2. Results and Discussion

2.1. Electronic Structures and Optical Properties of M@ InyS,X (X = Se, Te)
2.1.1. Crystal Structure

In the previous study [19], the double-vacancy In;S,; X (V4-X, X = Se, Te) model shown
in Figure 1 is stable by the defect formation energy (Ef). V4-X has excellent photocatalytic
properties, e.g., high light absorption coefficiency, suitable band edge position, and high
CO; reduction to HCHO selectivity. V4-X exhibits good thermodynamic stability due to
small total energy and temperature fluctuations in molecular dynamics simulations at
300 K, as shown in Figure S1. On this base, we further doped the fourth-period (Sc-Ni) and
fifth-period (Y-Mo, Ru-Pd) transition metals at the positions of In atoms exposed by the
central vacancy, as shown in the positions marked by pink atoms in Figure 1. The defect
formation energies of dopant atoms are shown in Figure S2. The negative defect formation
energies of all doped atoms indicate that they are stable.

2.1.2. Electronic Properties

The band structure and PDOS of V4-X are shown in Figure 2. The double-vacancy
defect induces four gap bands between the conduction and valence bands. It can be found
from PDOS that the gap bands are mainly contributed by the s orbital of In atom and
the p orbital of X atom. The gap bands largely reduce the intrinsic bandgap of In;S;X,
thereby enhancing the light absorption of visible and near-infrared light, which has been
demonstrated in previous studies [19].
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Figure 1. Top and side views of the V3-X (X = Se, Te)-doped structure. White dotted spheres indicate
the vacancy defects position. The pink spheres indicate transition metal atom doped. Green represent
X atoms. Cyan indicates in atoms. Yellow indicates sulfur atoms.
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Figure 2. Band structure and projected density of states (PDOS) of (a) divacancy In,S,Se (V4-Se) and
(b) divacancy InyS,Te (V4-Te).

Figure 3 shows the band structure and PDOS of M@Se (M = Sc, Mn, Ni, Nb, Mo, Pd),
those for others are shown in Figure S3 in the Supporting Information. The contribution of
dopant atoms in the energy band mainly comes from their d orbitals, indicated by orange
bubbles. The area with dense bubbles indicates that the d-orbital contribution of dopant
atoms is greater, while the sparse means small contribution. Importantly, the position of the
energy bands contributed by the M-d orbitals can be classified according to the different
type of the dopant atom, i.e., the contribution of d” atoms is mainly between the conduction
band and gap band caused by vacancy defects; d* atoms fall into mainly the gap band
region; while d>19 is mainly between the gap band and valence band.

For M@Te, the band structure and PDOS for M = Sc, Fe, Co, Nb, Ru, Pd are shown
in Figure 4a—f, those for others are given in the Supporting Information Figure S4. We
can find the d-orbital contribution of dopant atoms show similar “type”-dependence as
that of M@Se. The same metal atom doping has similar electronic properties in M@Se and
M@Te, e.g., there are rich gap bands, but it can be found from PDOS that their effects would
be different due to their different position. Therefore, different surfaces with the similar
bimetallic active sites would have different light absorption capacities and redox properties.
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Figure 3. The band structures and projected density of states (PDOS) of Sc, Mn, Ni, Nb, Mo, Pd
doped V4-Se are denoted as (a) Sc@Se; (b) Mn@Se; (c) Ni@Se; (d) Nb@Se; (e) Mo@Se; (f) Pd@Se. The
contribution of dopant atoms in the band structure is indicated by orange bubbles.

20 40
DOS (electron/eV)

~——Nb-d
In-s
In-p
~In-d
——Te-p

20 40
DOS (electron/eV)

Energy (eV)

Energy (eV)

20 40

DOS (electron/eV)

G M K G 20 40
DOS (electron/eV)

——Co-d
In-s
In-p
In-d
= Te-p

G 20 40
DOS (electron/eV)

— Pd-d
In-s
In-p
~——In-d
——Te-p

G 20 40
DOS (electron/eV)

Figure 4. The band structures and projected density of states (PDOS) of Sc-, Fe-, Co-, Nb-, Ru-, and
Pd-doped V4-Te are denoted as (a) Sc@Te; (b) Fe@Te; (c) Ni@Te; (d) Nb@Te; (e) Ru@Te; (f) Pd@Te.
The contribution of dopant atoms in the band structure is indicated by orange bubbles.

In order to observe the interaction between dopant atoms and V4-Se, the average

charge density difference and three-dimensional differential charge in the x-y plane between
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dopant atoms and V4-Se were calculated, as shown in Figure 5, where positive values
(purple area) indicate electron accumulation and negative values (green area) indicate
electron consumption. Those for others are shown in Figure S5. Electrons are transferred in
the region of the doped atoms. The dopant atoms mainly lose electrons, the Se atoms on
the surface, and the S atoms in the middle of the system gain electrons. By comparing the
average charge density difference, it can be seen that the peak values of the average charge
density difference corresponding to the dopant atoms are Sc@Se and Nb@Se, Mn@Se and
Mo@Se, and Ni@Se and Pd@Se in descending order, which indicates a gradual decrease in
electron loss at the dopant atomic sites. The calculation of the bader charge further proves
the electronic gains and losses, as shown in Table S1. Among them, Ni atoms (—0.34) and
Pd atoms (—0.10) lost the least electrons, while Sc atoms (—1.44) and Nb atoms (—1.29)
lost the most electrons. This is mainly due to the electronegativity between dopant atoms
and S or Se atoms, as shown in Table S8, the greater the electronegativity difference, the
easier it is for metal atoms to lose electrons. The average charge density difference and
three-dimensional differential charge in the x-y plane between dopant atoms and V4-Te
are shown in Figure 6, where positive values (purple area) and negative values (green
area) represent electron accumulation and consumption, respectively. Those for others
doping structures are shown in Figure S6. Like the dopant atoms in V4-Se, the center of
the dopant atoms still loses electrons. However, due to the reduced electronegativity of Te
atoms compared with Se atoms, the number of electrons lost by doping atoms is reduced,
which may enhance the catalytic activity of active sites. The calculated Bader charge also
shows that the doped atoms in V4-Te can retain more electrons, as shown in Table S1. Co
atoms (—0.10) lose the least electrons, but Pd atoms (0.14) gain electrons. Same as the
M@Se system, Sc atoms (—1.39) and Nb atoms (—1.17) still lose the most electrons. Among
them, the Bader charges of Pd atom (0.14) and Ru atom (0.05) are positive, indicating that
the dopant atom is the accumulation area of electrons, so Ru@Te and Pd@Te have better
catalytic activity.
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Figure 5. The planar-averaged electron density difference Ap(z) and three-dimensional charge density
difference at doping atom positions of (a) Sc@Se; (b) Mn@Se; (c) Ni@Se; (d) Nb@Se; (e) Mo@Se;
(f) Pd@Se. The purple and green regions represent positive and negative charges, respectively, with
an isovalue of 0.008 e~ /A3
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Figure 6. The planar-averaged electron density difference Ap(z) and three-dimensional charge
density difference at doping atom positions of (a) Sc@Te; (b) Fe@Te; (c) Co@Te; (d) Nb@Te; (e) Ru@Te;
(f) Pd@Te. The purple and green regions represent positive and negative charges, respectively, with
an isovalue of 0.008 e~ /A3,

2.1.3. Optical Properties

The absorption spectrums based on PBE and GW + BSE of In;S;Se and In;S;Te unit
cell are shown in Figure S7. Compared with the absorption spectrums based on PBE, the
absorption spectrums based on GW + BSE are blue-shifted. According to the blue-shift
distances, we corrected the absorption spectra calculated by PBE [26], as shown in Figure 7.
Compared with V4-Se, M@Se (M = Sc, Mn, Ni, Nb, Mo, Pd) mainly enhances the absorption
of near-ultraviolet light. Compared with V4-Te, M@Te (M = Sc, Fe, Co, Nb, Ru, Pd) mainly
enhances the absorption of near-ultraviolet and visible light in the range of 300~500 nm.
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Figure 7. Light absorbance A(w) of V4-X and (a) Sc@Se, Nb@Se, Sc@Te and Nb@Te; (b) Mn@Se,
Mo@Se, Fe@Te and Ru@Te; (c) Ni@Se, Pd@Se, Co@Te and Pd@Te.

2.2. Photocatalytic Performance of M@X
2.2.1. Edge Potential

Appropriate band edge potential is also one of the necessary characteristics of pho-
tocatalysts. The band edge potential of Sc@Se, Mn@Se, Ni@Se, Nb@Se, Mo@Se, Pd@Se
and Sc@Te, Fe@Te, Co@Te, Nb@Te, Ru@Te, Pd@Te is shown in Figure 8. The band-edge
potentials of the others are shown in Figure S8 and Figure S9, respectively. Since Janus
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InyS, X has intrinsic polarization, the electrostatic potential difference is considered when
calculating the band edge potential. It can be found that all photocatalysts satisfy the basic
potential requirements for CO; reduction. On the whole, the CBM of V4-Te has a higher
potential, and it has a stronger reducing ability from a thermodynamic point of view.

E(eV) vs Vacuum ¢o(V) vs NHE
A
jg Sc@Se Mn@Se Ni@Se Nb@Se Mo@Se Pd@Se S.E-e Fge Co@Te NEP REE PE‘E —; -2.0 / z((ggz/;ggg)}{)
4oESTsSTssascessedTs === s = = 0/ 9(CO,/CH0H)
5 0.0 o(H/H,)
'6'0 __________________________________ =16 ¢(0/H,0)
o 320
-7.0 E
— . 3.0
-8.0 — — — — — ——— — — E
— H4.0
Figure 8. Band edge positions of Sc@Se, Mn@Se, Ni@Se, Nb@Se, Mo@Se, Pd@Se and Sc@Te, Fe@Te,
Co@Te, Nb@Te, Ru@Te, PAd@Te relative to the vacuum level (left) and the standard hydrogen electrode
(right). The black dashed line is the oxygen electrode potential. The red dotted lines from top to
bottom are the reduction potential of CO; reduction to HCOOH, HCHO, and CH30H, and hydrogen
electrode potential, respectively.
2.2.2. Photocatalytic Performance of M@X for CO, Reduction
In order to deeply explore the influence of dopant atoms on the photocatalytic per-
formance, the reaction pathway and free energy change of CO; reduction are calculated.
The essential reason for the effect of dopant atoms on catalytic performance is revealed
according to the control steps, as shown in Tables 1 and 2. The electronic interactions
between metal sites and reactants are closely related to the interactions and d-band centers
of metal atoms, so the d-band centers of dopant atoms in M@X (M = Sc-Ni, Y-Mo, Ru-Pd)
are shown in Figure 9.
Table 1. The control steps and criterion of CO, reduction on the surface of V4-Se system.
Slab Reduction Products Control Step Catalyst Screening
Sc@Se, Ti@Se, V@Se, CH,O The fourth hydrogenation Interactions between intermediates
Y@Se, Zr@Se, Nb@Se 2 reaction and photocatalyst surfaces
Cr@Se, Mn@Se, Fe@Se, CH-OH The second hydrogenation  Interactions between intermediates
Mo@Se, Ru@Se 3 reaction and photocatalyst surfaces
Co@Se, Ni@Se, The second hydrogenation
Rh@Se, Pd@Se HCOOH reaction D-band centers of dopant atoms
Table 2. The control steps and criterion of CO, reduction on the surface of V4-Te system.
Slab Reduction Products Control Step Catalyst Screening
Sc@Te, Ti@Te, V@Te, CH,O The fourth hydrogenation Interactions between intermediates
Y@Te, Zr@Te, Nb@Te 2 reaction and photocatalyst surfaces
Cr@Te, Mn@Te, Fe@Te, CHAOH The third hydrogenation Interactions between intermediates
Mo@Te, Ru@Te 3 reaction and photocatalyst surfaces
Co@Te, Ni@Te, The second hydrogenation
Rh@Te, Pd@Te HCOOH reaction D-band centers of dopant atoms
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Figure 9. The d-band centers of dopant atoms in M@X (M = Sc-Ni, Y-Mo, Ru-Pd), the two-color and
one-color columns belong to the M@Se and M@Te systems, respectively.

I Photocatalytic performance of M@Se

Different doping atoms make the V4-Se have different active sites, so the adsorption
and activation effects of CO, are different, which directly leads to different effects of
photocatalyst on the reaction path, product selectivity, and reaction ability of CO, reduction.
Their free energy changes are further analyzed and compared. (1) M@Se M =Sc, Tj, V, Y, Zr,
Nb) with dopant atoms (d9), whose d-band center is far from the Fermi level and is positive,
can reduce CO; to CH,O (shown in Figure 9). Among them, the free energy changes and
reaction pathways on Sc@Se and Nb@Se surfaces are shown in Figure 10a,d, respectively.
The free energy change of others is shown in Figure S10a. (2) M@Se (M = Co, Ni, Rh, Pd)
with dopant atoms (d°7'?), whose d-band center is negative, can reduce CO, to HCOOH
(shown in Figure 9). The free energy changes and reaction pathways on Ni@Se and Pd@Se
surfaces are shown in Figure 10b,e, respectively. The free energy change of others is shown
in Figure S10b. (3) M@Se (M = Cr, Mn, Fe, Mo, Ru) with dopant atoms (do‘5 ), whose d-band
center is close to the Fermi level, can reduce CO; to CH30H (shown in Figure 9). The
free energy changes and reaction pathways on Mn@Se and Mo@Se surfaces are shown in
Figure 10c¢,f, respectively. The free energy change of others is shown in Figure S10c.

CO,—CH;0: The CO; is selectively reduced to CH,O on the Sc@Se and Nb@Se
surfaces, which is consistent with that on the V4-Se surface, and the reaction pathway is
also the same, as shown in Figure 10d. But the catalytic performance of different active
sites is different (shown in Figure 10a). The fourth hydrogenation reaction is the rate-
determining step obviously, due to the largest difference in free energy change in this step
(Figures 10a and S10a). In the fourth hydrogenation reaction, the CH,OOH?* intermediate
adsorbed a hydrogen atom and desorbed one CH,O molecule and one H,O molecule. The
structure of the intermediate after the third hydrogenation reaction is shown in Figure S11,
where O-In, O-M (M =S¢, Tj, V, Y, Zr, Nb), and O-C bond lengths are shown in Table S2.
Furthermore, we analyzed interactions between intermediates and photocatalysts. It can
be found that in Sc@Se, Ti@Se, and V@Se, the O1-In1 (2.30 A) and O-In2 (2.45 A) bonds
on the surface of Sc@Se are longer than that on Ti@Se and V@Se surface. While on Y@Se,
Zr@Se, and Nb@Se surface, the O1-In1 (2.50 A) and O-Nb (2.49 A) bonds on Nb@Se are
longer than those of Y@Se and Zr@Se. As the bond length is longer, the interaction between
atoms is weaker, so the smaller the energy required for chemical bond breaking, the easier
the hydrogenation reaction occurs. Therefore, in M@Se (M = Sc, Ti, V, Y, Zr, Nb), the
Sc@Se and Nb@Se surfaces have higher catalytic performance for this reaction. The fourth
hydrogenation reaction is an endothermic reaction on the surface of Sc@Se (0.84 eV), while it
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is an exothermic reaction on the surface of Nb@Se (—1.13 eV), and the free energy decreases.
Therefore, the reduction of CO, to CH,O tends to proceed on the Nb@Se surface.
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Figure 10. Left: (a) Free energy change of CO; reduction to CH,O on Sc@Se and Nb@Se surfaces;
(b) Free energy change of CO, reduction to HCOOH on Ni@Se and Pd@Se surfaces; (c) Free energy
change of CO; reduction to CH3OH on Mn@Se and Mo@Se surfaces. Right: The reaction pathways
for (d) CO, reduction to CH,O; (e) CO, reduction to HCOOH; (f) CO, reduction to CH30OH on doped
V4-Se surface.

CO,—+HCOOH: CO, molecules are selectively reduced to HCOOH on the surface of
Ni@Se and Pd@Se, and the reaction step of selective change is the second hydrogenation
reaction, as shown in Figure 10b. In the second hydrogenation reaction, H is adsorbed on
the O atoms to generate HCOOH molecules on the Ni@Se and Pd@Se surfaces, while CO,
is reduced to CH,OO* intermediates on the V 4-Se surface. The structure of the intermediate
after the first hydrogenation reaction is shown in Figure S12. Compared with Co@Se and
Rh@Se, Ni@Se and Pd@Se have a smaller free energy rise in the second hydrogenation
reaction, which is beneficial to the reaction. This is mainly because the d-band centers of Ni
atoms and Pd atoms in Ni@Se and Pd@Se are negative and farther away from the Fermi
level and, thus, more inclined to generate and desorb HCOOH. On the other hand, due to
the small atomic radii of Co, Ni, Rh, and Pd, they do not act on the CHOO* intermediate
after doping into V4-Se, so the electron transfer is reduced, and CO; can only be reduced
to HCOOH through a two-electron process. The second hydrogenation reaction is an
endothermic reaction on the Ni@Se surface (0.27 eV), while it is an exothermic reaction on
the Pd@Se surface (—0.03 eV), and the free energy decreases. Therefore, the reduction of
CO, to HCOOH is more favorable on the Pd@Se surface.

CO,;—CH;30H: CO; molecules are selectively reduced to CH3OH on the surface of
Mn@Se and Mo@Se. The reduction selectivity is different from the V4-Se surface, which
is mainly reflected in the fourth hydrogenation reaction. In this step, H is adsorbed on
C on the surface of Mn@Se and Mo@Se to react to generate CH3OH molecule and O*
intermediate, while CO, is reduced to a HCHO and H,O molecule on the surface of V4-Se
surface. The second hydrogenation reaction is the controlling step due to the free energy
change. The structures of the intermediates after the first hydrogenation reaction on the
Mo@Se and Mn@Se surfaces are shown in Figure S13b,d, where the distances between the
reaction intermediates and the surface are shown in Table S3. The C-Mn bond (2.58 A) is
longer than the C-Mo bond (2.12 A), and the interaction between C atoms and Mn atoms
is weaker than that between C and Mo atoms, so it is easier to add hydrogen on the C
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atoms of Mn@Se surface. Thus, the reduction of CO; to CH3OH tends to proceed on the
surface of Mn@Se. While in Mo@Se and Ru@Se, the C-Mo bond (2.12 A) on the Mo@Se
surface is longer than the O2-Mo bond (2.05 A), while the C-Ru bond (2.11 A) on the Ru@Se
surface is shorter than the O2-Ru bond (2.16 A). Therefore, the interaction between C and
Mo atoms on the Mo@Se surface is weaker than that between O and Mo atoms, which
is more favorable for the adsorption of H on C atoms. The free energy change in the
second hydrogenation reaction on the Mo@Se surface is less than that on the Ru@Se surface.
Therefore, the free energy change of the Mn@Se (0.02 eV) surface is smaller than that of
Mo@Se (0.36 eV), as shown in Figure 10c.

I Photocatalytic performance of M@Te

The M@Te systems have the same product selectivity with M@Se systems due to the
similarity metal sites in structures and can also reduce CO, to CH,O, CH30OH, and HCOOH,
respectively. (1) M@Te (M =S¢, Ti, V, Y, Zr, Nb) with dopant atoms (d°%) whose d-band center
is far from the Fermi level and is positive and can reduce CO; to CH,O (shown in Figure 9).
The free energy changes and reduction pathways on Sc@Te and Nb@Te surfaces are shown
in Figure 11a,d. The free energy change of others is shown in Figure S14a. (2) M@Te
(M = Co, Ni, Rh, Pd) with dopant atoms (d>19) whose d-band center is far from the Fermi
level and is negative and can reduce CO, to HCOOH (shown in Figure 9). The free energy
changes and reaction pathways on Co@Te and Pd@Te surfaces are shown in Figure 11b,e,
respectively. The free energy change of others is shown in Figure S14b. (3) M@Te (M = Cr,
Mn, Fe, Mo, Ru) with dopant atoms (d%5) whose d-band center is close to the Fermi level
can reduce CO; to CH30H (shown in Figure 9). The free energy changes and reaction
pathways on Fe@Te and Ru@Te surfaces are shown in Figure 11¢,f, respectively. The free
energy change of others is shown in Figure S14c. However, M@Te has different effects on
the reaction pathway and catalytic activity of CO, reduction. Their free energy changes are
further analyzed and compared.
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Figure 11. Left: (a) Free energy change of CO, reduction to CH,O on Sc@Te and Nb@Te surfaces;
(b) Free energy change of CO; reduction to HCOOH on Co@Te and Pd@Te surfaces; (c) Free energy
change of CO; reduction to CH3OH on Fe@Te and Ru@Te surfaces. Right: The reaction pathways for
(d) CO; reduction to CH,O; (e) CO, reduction to HCOOH; (f) CO; reduction to CH30H on doped
V4-Te surface.

CO,—CH,0: CO; molecules are selectively reduced to CH,O on Sc@Te and Nb@Te
surfaces, but the reaction pathways are different. The reaction path of CO; on the surface of



Catalysts 2025, 15, 567

12 of 17

Nb@Te is the same as that of V4-Te (as shown in Figure 11d), but the reaction path of CO,
on the surface of Sc@Te is the same as that of Sc@Se (as shown in Figure 10d). The second
hydrogenation reaction has very important influence on the whole reaction path (as shown
in Figure 11d). The structure of the intermediate after the first hydrogenation reaction is
shown in Figure S15. It can be found that different active sites interact differently with
reaction intermediates. The CHOO reaction intermediate forms two O-In bonds and one
Sc-O bond on the Sc@Te surface, but only one Nb-O bond on the Nb@Te surface. Therefore,
during the second hydrogenation step, CHOO* reacts on the surface of Sc@Te to generate
CH,O00* intermediate but desorbs on the surface of Nb@Te to form a CH,O molecule and
O* intermediate. The fourth hydrogenation reaction is the controlling step for the reduction
of CO; to CH,O due to the free energy change. The structure of the intermediate after the
third hydrogenation reaction is shown in Figure 516, where O-In, O-M M =S¢, Ti, V, Y, Zr,
Nb), and O-C bond lengths are shown in Table S4. We further analyzed the interactions
between intermediates and photocatalysts. It can be found that in Sc@Te, Ti@Te, and V@Te,
the O1-In1 (2.38 A) and O-In2 (2.27 A) bonds on the surface of Sc@Te are longer compared
with Ti@Te and V@Te, so it is more conducive to desorb CH,O and H,O molecules in
the fourth hydrogenation reaction. In Y@Te, Zr@Te, and Nb@Te, there is only one Nb-O
bond (1.93 A) on the surface of Nb@Te, which is more reactive in the fourth hydrogenation
reaction. As shown in Figure 11a, Sc@Te is more advantageous in the process of selective
reduction of CO; to CH;0, because the free energy change of Sc@Te (—1.15 eV) in the
fourth hydrogenation reaction is larger than that of Nb@Te (—0.03 eV).

CO,—HCOOH: CO; molecules are also selectively reduced to HCOOH on the Co@Te
and Pd@Te surfaces, and the CO, reduction pathway is the same as that of M@Se. The
free energy change is shown in Figure 11b.The second hydrogenation reaction is the rate-
determining step. The structures of the intermediate after the first hydrogenation reaction
are shown in Figure S17; here, O-In, O-M (M = Co, Ni, Rh, Pd) and O-C bond lengths are
shown in Table S5. Among them, Pd and Co do not act on the CHOO* intermediate, which
also makes it easier for H atoms to adsorb on the O atom in the second hydrogenation
reaction to form HCOOH. The other main reason might be that the d-band centers of Co
atoms and Pd atoms in Co@Te and Pd@Te are negative and farther away from the Fermi
level, so they are more inclined to generate and adsorb HCOOH. In the second step, the
hydrogenation reaction is an endothermic reaction on the Co@Te surface (0.90 eV), while it
is an exothermic reaction on the Pd@Te surface (—1.32 eV). Therefore, the reduction reaction
of CO, to HCOOH tends to take place on the Pd@Te surface.

CO,;—CHj30H: CO; molecules are selectively reduced to CH3OH on the surface of
Fe@Te and Ru@Te, but the reaction pathway is different from that of M@Se. As shown
in Figure 11f, on the Fe@Te and Ru@Te surfaces, H atoms are preferentially adsorbed on
C atoms rather than O atoms, thus desorbing a H,O molecule first and then a CH;0H
molecule. The different activation of CO, due to the influence of surface atoms have a
very important effect on the reaction pathway. Therefore, the structure and the bonds
length after CO, adsorption is analyzed, as shown in Figure 518 and Table S6. The bonds
length of C-Fe bonds and C-Ru bonds are shorter than C-In3 bonds, so the interaction
between C atoms and Fe or Ru is stronger than that between In3 atoms, so H atoms are
more inclined to adsorb on O1 atoms (in the O1-C bond) firstly. The third hydrogenation
reaction is the controlling step for the reduction of CO, to CH3OH due to the interaction
between intermediates CO* and photocatalyst surfaces. The Bader charges of the doped
atoms after the second hydrogenation reaction is studied, as shown in Table S7. Fe@Te
has more Bader charges than Cr@Te and Mn@Te. Similarly, Ru@Te also has more Bader
charges than Mo@Te. Therefore, the interaction between intermediate CO* and Fe/Ru
atoms are stronger, and electrons on the Fe and Ru atoms are more likely to transition to the
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reaction intermediates, reducing the reaction free energy and improving the photocatalytic
performance. In the third hydrogenation reaction, the free energy change of Ru@Te (0.06 eV)
is smaller than that of the Fe@Te (0.21 eV) surface (as shown in Figure 11c). Therefore, the
reduction of CO; to CH30OH tends to proceed on the Ru@Te surface.

3. Computational Details

All density functional theory (DFT) calculations were performed using Vienna ab initio
simulation package (VASP6.2.1) [27,28]. The Perdew-Burke-Ernzerh (PBE) function in the
generalized gradient approximation (GGA) is applied to describe electron interactions and
related energies [29,30]. Electron—ion interactions in periodic systems are addressed using
the frozen-core projector augmented wave (PAW) method [31]. Plane wave cut-off energy is
selected as 450 eV. The convergence criteria for the energy and force of each atom were set to
105 eV and 0.01 eV /A, respectively. A vacuum layer of 15 A was set to avoid the interaction
between the periodic systems. Van der Waals correction was performed using the DFT-D3
method [32]. The unit cell and supercell systems use 15 x 15 x 1 and 3 x 3 x 1 k-mesh for
structure optimization and total energy calculation, respectively [33]. Using water as the
solvent, Gibbs free energy calculations were performed in the VASP6.2.1sol package to take
solvent effects into account [34,35]. In order to predict more accurate optical properties,
we use the GW [36,37] + BSE [38—40] method to obtain the absorption spectrum of the
unit cells.

To evaluate the light absorption properties, we calculated the optical absorbance A(w)
as follows [41]:

A(w) =elw/c 1)

gy are the imaginary parts of the complex dielectric function e(w). L is the thickness of
the vacuum layer, 15 A, and c is the speed of light in vacuum. w is the angular frequency of
light, and the conversion relationship with the wavelength (A) is w = 27t/A.

The defect vacancy formation energy (Ey) represents the energy required for metal
atoms to be doped into the system, and the calculation formula is as follows [42]:

Ef = E(doped) - E(perfect) + Hin — W Atom 2)

E(doped) 1s the energy of the doped system, Eyeect) is the energy of the undoped system,
Ui is the chemical potential of the In atom, yaom is the chemical potential of the doped
atom, which can be replaced by the energy of isolated atoms in this system.

The band edge potential is calculated as follows [43,44]:

Ecpy = —® +0.5Eg 3)

Evgm = —® — 0.5E, (4)

Here, Ecpy and Eyppy are the band edge potentials at the bottom of the conduction
band and top of the valence band compared to the standard hydrogen electrode, respec-
tively. @ is the work function. Eg is the band gap.

The free energy change (AG) of hydrogen adsorption during the CO, reduction
process is calculated as follows [45,46]:

AG:AE+AEzp57TAS+€U+AGPH (5)

where AE is the energy difference in the reaction before and after H adsorption. AEzpg
and AS are the zero-point energy difference and entropy difference in the reaction interme-
diates, respectively. T is the room temperature (298.15 K). ¢ is the elementary charge. U
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is the applied overpotential [47], U = 0 versus reversible hydrogen electrode in this
work. AG,y is the free energy correction value caused by the change in pH value,
AG,y = kTiun10 x pH [48,49]. Here pH =7, T, = 298.15 K, k is the Boltzmann constant.

4. Conclusions

In summary, based on the number of d orbital electrons of the doped metal cations, the
dopant atoms are classified into three categories: d? d%>, and d>10. We analyze the impact
of various doping atoms on the electronic structure, charge transfer, light absorption, and
photocatalytic activity of V4-X. We elucidate the mechanism of bimetallic active sites on
the selectivity of CO, reduction products through photocatalysis and establish criteria for
identifying high-selectivity photocatalysts. The findings demonstrate that dopant atoms
with d0, d°5, and d°>1° contribute to different areas of the band structures: between
the conduction and defect-induced gap bands, within the bandgap, and between defect-
induced gap bands and valence bands. M@Se primarily boosts the near-ultraviolet light
absorption, while M@Te enhances absorption of near-ultraviolet and visible light. Notably,
the position of dopant atoms’ d-band centers significantly influences the selectivity of CO,
reduction products. Dopant atoms with positive d-band centers that are farther from the
Fermi level exhibit higher selectivity towards HCHO, whereas those with negative d-band
centers (d°~19) favor HCOOH. Dopant atoms with d%?, located closer to the Fermi level,
show enhanced selectivity for CHzOH.

Subsequently, we calculate the reaction pathway and the change in free energy for
the photocatalytic reduction of CO, on the M@X (M = Sc-Ni, Y-Mo, Ru-Pd) surface.
Consistent selectivity for CO, products is observed with identical dopant atoms in both
M@Se and M@Te. Nb@Se, Mn@Se, and Pd@Se exhibit outstanding photocatalytic activity in
converting CO, to CH,O, CH30H, and HCOOH, respectively. Within the M@Se system, the
fourth hydrogenation reaction acts as the decisive step in the conversion of CO, to CH,O.
Evaluation of the photocatalyst’s catalytic efficiency involves assessing the interaction with
the CH,OOH* reaction intermediate. The crucial steps in reducing CO, to CH3OH and
CHOOH occur during the second hydrogenation reaction. A comparison of the interaction
between photocatalysts and CHOO* reaction intermediates, as well as the position of the d-
band center, forms the foundation for screening photocatalysts. Sc@Te, Ru@Te, and Pd@Te
demonstrate outstanding photocatalytic efficacy in converting CO, to HCHO, CH;OH,
and HCOOH, correspondingly. Bader charges of dopant atoms can identify exceptional
photocatalysts. This study systematically explored the inherent connection between reactive
sites and the selectivity of reduced products, offering valuable theoretical insights for the
methodical advancement of highly selective catalysts.
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on the M@X surface, and the structure of the reaction intermediate and some of the bond lengths.
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