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The design of highly efficient catalysts for electrochemical reduction CO5 (ECR) to value-add chemicals and fuels
is important for CO5 conversion technologies. In this work, earth abundant transition metal (TM = V, Cr, Mn, Fe,
Co and Ni) atoms embedded into two-dimensional (2D) NboNO, (TM@Nb,;NO,) as single-atom catalysts (SACs)
for ECR was investigated by first-principles study. We demonstrated that NboyNO; can be an excellent substrate
for anchoring single TM atom due to its excellent stability and electronic conductivity. Besides, V, Cr and

Ni@NbyNO; could effectively promote CO adsorption and reduction. All TM@NbyNO> exhibit high selectivity
towards CHy, and V, Cr and Ni@NbyNO, show low limiting potentials. The activity origin was revealed by
analysing adsorption energy, d band centre, bonding/antibonding population and the change of valence state of

TM atoms.

1. Introduction

With the rapid development of the global economy, energy crisis and
environment issues have become increasingly prominent. Carbon diox-
ide (COy) is a primary greenhouse gas, while it could also be a valuable
carbon source. In recent years, electrochemical CO2 reduction reaction
(ECR) has received considerable attention among various CO3 conver-
sion technologies due to numerous advantages [1,2]. For instance, ECR
can be driven under ambient temperature and pressure using renewable
energy source such as wind and solar power [3,4]. The external voltages
as well as electrolytes solutions can be adjusted for the generation of
specific products. Furthermore, ECR technology could not only mitigate
CO2 emission, but also effectively convert CO to value-added chemicals
and fuels, which has been regarded as an appealing technology path for
closing the carbon circle [5-7]. Nevertheless, physicochemical proper-
ties of the CO5 molecule make electrochemical conversion of COy
challenging [8,9]. In the past decades, metals or related oxides,
carbon-based materials and nanocomposites have been widely investi-
gated as electrocatalysts for ECR. Despite that great progress has been
made to exploit electrocatalysts for ECR, the process is still impeded by
the sluggish kinetics, poor product selectivity, catalyst stability, and
high overpotential [10-13]. Taking copper as an example, it can
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electrochemically convert CO5 to CH4 with a high overpotential around
0.9V, but the selectivity to specific products is low [14,15]. Therefore, it
is highly desirable to develop electrocatalysts with high activity and
selectivity for ECR.

It has been well established that the catalytic activity can be
improved by reducing the size of catalysts. Specifically, single atoms
catalysts (SACs) with single atom as active centre have aroused huge
interest due to maximum atom utilization and excellent performance in
various catalytic reactions such as water splitting, CO2 reduction, Ny
reduction, etc. [16-20]. It is worth noting that the preparation of SACs is
a challenge because single atoms with high surface energy are easy to
aggregate into clusters, leading to catalyst deactivation. Thus, a suitable
support which could offer anchoring sites and possesses good stability
will greatly improve the activity of SACs. Two-dimensional (2D) mate-
rials are appealing substrates for anchoring single transition metal atom
due to their unique structures and electronic properties [21-23].
Moreover, it has been disclosed that the interaction between p-orbital of
substrates and d-orbitals of single transition metal atom are beneficial
for highly effective electrocatalysts [24,25]. For example, single tran-
sition metal atoms embedded into graphene, graphitic carbon nitride
(g-C3Ny), graphyne, boron nitride (BN), phthalocyanine (PC), etc. have
been widely studied as promising SACs for CO, reduction [26-29].
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Recently, a family of 2D transition metal carbides, nitrides and car-
bonitrides, known as MXenes, were reported and synthesized from the
layered M, 1AX;, phase [30]. In My 1AX;,, M stands for early transition
metals, A denotes the group 13 or 14 elements, X denotes C or N, and n is
between 1 and 3 [31]. There are a variety of MXenes that have been
predicted and synthesized experimentally, which are explored for ap-
plications in many fields [32]. For instance, Li et al. reported that
MXenes from the group IV to VI series are active for CO, capture, while
Cr3Cy and MosCy are promising catalysts for CO, conversion to CHy
[33]. Both simulation study and experimental work have shown that
MXenes have large surface areas, excellent electronic conductivity,
tunable surface composition and great stability [32,34]. Thanks to these
merits, MXenes have also been demonstrated to be promising substrates
for anchoring single transition metal atoms in catalytic reactions [35].
Generally, M; 1N, is more difficult to synthesize compared to My 1Cp.
Interestingly, it has been demonstrated that nitride MXenes exhibit
better conductivity in comparison with carbide MXenes [36]. During
synthesis, the basal plane of MXenes could be functionalized by various
atoms or groups including O, OH and F, which affect their inherent
properties [30]. Recent investigations have demonstrated that under
high temperature treatment the F group can be eliminated and OH group
can be converted to O groups [37,38]. Studies have confirmed that these
different functional groups could tune the work function and electronic
properties of MXenes [39].

Nb-based MXenes have gained great attention in energy storage and
conversion [40,41]. Pt-doped Nb-based MXene has been reported to be
an excellent bifunctional OER/ORR catalyst [42], while nitride NbyN for
ECR has not been studied. In this work, for the first time, we investigated
the single transition metal atoms (V, Cr, Mn, Fe, Co, Ni) embedded O
group terminated Nbo,N monolayer (NboNO;) as ECR catalysts by
first-principles calculation. It is found that NbyNO; can be an ideal
support for anchoring sing TM atoms because of excellent stability and
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conductivity. TM@NbyNO, show excellent CO, adsorption capacity,
which benefits CO3 activation and reduction. Among six SACs catalysts,
V, Cr and Ni@ NbyNO», are identified as efficient electrocatalysts for ECR
to CH4, with smaller limiting potential of — 0.45, — 0.47 and — 0.28 V,
respectively. Meanwhile, the origin of the ECR activity was revealed by
several key descriptors.

2. Computational method

All calculations were carried out by spin-polarized density functional
theory (DFT) in the Vienna Ab initio Simulation Package (VASP) with
projector augmented wave (PAW) [43,44]. The generalized gradient
approximation (GGA) implemented Perdew-Burke-Ernzerhof (PBE) was
used to calculate the exchange-correlation energy [45,46]. The empir-
ical correction (DFT-D3) was employed to describe the van der Waals
(vdW) interactions [47]. The parameter for dipole correction along
z-direction are considered in our calculations. DFT+U calculations are
also considered for single TM atoms. The values of U—J were set to be
2.72, 2.79, 3.06, 3.29, 3.42 and 3.4 eV for V, Cr, Mn, Fe, Co, and Ni,
respectively [18]. A 3 x 3 x 1 TM@NbyNO; containing 45 atoms was
constructed by anchoring one TM atom in sitel (N site) and site 2 (Nb
site) (Fig. 1a). The 18 A thickness vacuum region in the z-direction was
added to eliminate the spurious interactions from periodic boundary.
The cutoff energy was set to 500 eV. The K-points for geometry opti-
mization and electronic calculations were set to be 6 x 6 x 1 and 10 x
10 x 1, respectively. The convergence of energy and force was set to be
1.0 x 107> eV and 1.0 x 1072 eV/A, respectively. Solvent effect was
included in our calculations by using implicit solvent model based on
VASPsol, and the dielectric constant of water was 78.4 [48]. Moreover,
to explore structure stability, the ab initio molecular dynamics (AIMD)
simulation was performed in NVT ensemble and phonon spectra was
calculated based on the density functional perturbation theory (DFPT)
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Fig. 1. The two possible adsorption sites for TM atoms (a)N site and (b) Nb site, where the whitesmoke, red, turquoise and purple ball denote the N, O, Nb and TM
atoms; (c) The phonon curves of NboNOs; (d) The total density of state of NboNO,, where the green dash line is Fermi energy level; (e) The binding energies of TM

atoms on N site and Nb site.
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[49,50]. The TM atom transition energy barrier on NboNO5 monolayer
was calculated by the climbing image nudged elastic band method
(CINEB) [51], transition states were confirmed by vibration frequency
analysis. The Bader charge analysis was used to analyze electron transfer
[52].

The binding energy (Ep) of TM atoms on Nb,NO, monolayer was
calculated by Eq. 1:

Ep = E(TM@NboNO,) — E(TM) — E(NbaNO») (€D)]

where E(TM), E(NboNO,) and E(TM@Nby;NO5) denote the total en-
ergies of single TM atom, Nbo,NOo, and TM@Nb,NO,, respectively. With
such definition, a more negative value indicates a stronger binding of
TM atoms to the NboNO, substrate.

The gas adsorption energy (E,qs) was calculated by Eq. 2:

E.gs = E(gas@NbyNO,) — E(gas) — E(Nb,NO») (@3]

where E(gas), E(NbaNOs) and E(gas@NbsNO») are the total energies
of gas, NbaNO, and gas adsorbed NbyNO,.

The Gibbs free energy of ECR were calculated by the computational
hydrogen electrode (CHE) method [53]. After intermediate was adsor-
bed on the surface of catalyst, the translation and rotation freedom could
be ignored and only vibration freedom is contributed to the entropy. The
free energy of H' /e’ pair is equivalent to the chemical potential of H, at
standard conditions. The Gibbs free energy change (AG) can be obtained
by Eq. 3:

AG = AE + AE(ZPE) — TAS + AG(pH) + AG(U) 3)

in which AE was the energy difference between reactants and
products directly obtained from DFT calculations, AE(ZPE) and AS are
zero-point energy correction and entropy change at temperature T of
298.15 K. AG(pH) is the free energy correction due to the effect of H
concentration, and was calculated by the formula AG(pH)
= kgTIn10 x pH. In this work, the pH value was set to be zero under
acidic condition. AG(U) is the contribution of the applied electrode
potentials. The limiting potential (Up) from potential-determining step
(PDS) can be obtained by Eq. 4:

U = —AGpa/e (C))

where AGp,yx is the maximum free energy change in the ECR process
along the most favourable pathway.

3. Result and discussion
3.1. Structure and stability of NboNO2

After geometry optimization, the obtained lattice parameter a of
clean Nb,N monolayer is 3.11 A, consistent with previous study [54].
NbyN monolayer shows a hexagonal symmetry with P63/mmc space
group. O was then added on the centre of three Nb atoms, similar to the
O functionalized TioC MXene (Fig. 1a and b) [55]. The binding energy
(Ep) of O on NbaN monolayer was calculated by the equation: E, = (E
(szNOz) — E(Oz) — E(szN))/Z, where E(szNOz), E(Oz), E(szN)
are the total energy of NboNO,, Oz and NbaN [56]. A negative value of Ey,
= -5.34 eV demonstrates that Nb,N monolayer can be easily covered by
O atoms. It is possible for O group transforming to OH during ECR
process. Therefore, we calculated the Gibbs free energy for H adsorption
on O atoms, with AG*H of —0.16 eV. A moderate AG*H indicates that
the proton can easily adsorb on and desorb from the surficial O atom,
which may promote protonation of the ECR intermediates. The phonon
curves and AIMD simulation were performed to check its stability, as
shown in Fig. 1c and Fig. S1. There are no imaginary bands in phonon
spectra. The fluctuation of the total energy of NboNO; is quite small and
around the equilibrium. Meanwhile, the structure does not show any
obvious changes, confirming that NboNO, monolayer possesses excel-
lent stability. On the other hand, the calculated density of state of

Journal of CO2 Utilization 62 (2022) 102069

NbyNO; exhibits metallic behaviour, indicting good capability for
electron transfer (Fig. 1d). This endows NbaNO, monolayer excellent
electrical conductivity, a prerequisite for an ideal substrate for SACs
used in ECR.

3.2. Structure and stability of TM@Nb2NO,

The stability of TM anchored NbyNO, will be the key for the syn-
thesis and application of MXene based SACs. As presented in Fig. 1a and
b, there are two possible anchoring sites for single TM atoms: (1) the
centre site between three neighbouring N atoms and the top of Nb atom
(ND site), (2) the centre site between three neighbouring Nb atoms and
the top of N atom (N site). After structure relaxation, the anchored TM
atoms have slight effects on lattice parameters a. The thermodynamic
stabilities of TM@Nb,N were investigated by calculating Ey, (Fig. 1e and
Table S1). Notably, a more negative value of Ej, on N site indicates that
TM atoms prefer to bind on N site. Moreover, the transition energy
barriers (Et) of single TM atoms from N to Nb site were calculated to
evaluate its kinetic stability. The Et were calculated by Er = Egs — Ejs, in
which Erg is the total energy of transition state (TS) from N to Nb site,
while Ejg is the total energy of TM embedded in N site. As shown in
Table S1, the Er of TM atoms are quite large in the range of
0.87-2.58 eV, implying that it is difficult for TM atoms to diffuse and
aggregate into clusters. These results suggest that single TM atom can
firmly anchor on N site. We therefore will only consider this site as active
site for further study. In addition, Bader charge analysis show that the
charge transfer from TM atoms to substrate decreases with the atomic
number. Consequently, V and Cr atom present higher oxidation state
(+1.08 and +1.02), while Ni atom shows lower oxidation value (40.50).

3.3. CO3 adsorption and activation on TM@Nb,NO,

CO; adsorption on the surface of electrocatalysts is important for CO2
activation and transformation into intermediates such as *COOH and
*OCHO [57]. The optimized CO; adsorption configurations on
TM@NbyNO, were shown in Fig. 2. Obviously, the carbon or oxygen
atom of CO, molecule is absorbed on TM atoms. Meanwhile, it can be
observed that CO, molecule is not absorbed on TM@NbyNO; in linear
state, but with a certain degree of bending. The corresponding adsorp-
tion energies, bond lengths of C—TM and O—TM, bond angels of CO2
molecule, and charge transfer between TM and CO5 molecule are sum-
marized in Table 1. It is clear that the bond angle of CO2 molecule on
TM@NDb,;NO, increases with the atomic number, ranging from 138.39°
to 154.34°. Specially, V@NbyNO,, greatly deviated from the linear state,
which indicates higher CO4 adsorption capacity. The bond lengths of
C—TM and O—TM are quite close to 2.00 A, demonstrating strong
adsorption between substrate and CO, molecule, consistent with pre-
vious studies [26,58]. The CO, adsorption energies on TM@NboNO,
range from — 0.77 and — 0.30 eV. The negative values indicate that CO2
adsorption on the SACs is thermodynamically favourable. V, Cr and
Ni@NbsNO, exhibit relatively strong interaction with CO,. Bader
charge analysis confirm that there is a significant net charge transfer
from V, Cr and Ni atoms to CO,, with a value of — 0.60e, — 0.53e,
— 0.31e, respectively. Thus, CO, molecules can be effectively activated
by V, Cr and Ni@NbyNO,, and these three SACs potentially exhibit high
performance for producing specific ECR products.

3.4. Competition between HER and ECR during first protonation

The ECR process starts with the hydrogenation of CO2 molecule to
form *COOH (* + CO3 + (H™ + e7) — *COOH) or *OCHO (* + COy +
(H' + e7) - *OCHO) on active centres by H atom binding O or C atom.
However, the side-reaction HER (* + H" + e~ — *H) may occur due to
the direct interaction between proton and TM atoms, resulting in low
ECR selectivity. It has been widely accepted that the Gibbs free energy
change (AG) for *COOH/*OCHO and *H formation can be used to



S. Lu et al.

Journal of CO2 Utilization 62 (2022) 102069

0 :d
1
I

-

N
(f) Ni @Nb,NO,,

I
I
I
I
I
I
A

I
I
1

Fig. 2. The most stable CO, adsorption configurations on (a) V@NbyNO,, (b) Cr@Nb,yNO,, (¢) Mn@Nb,NO,, (d) Fe Ni@NbyNO,, () Co@Nb,NO, and

(f) Ni@NbyNO,.

Table 1

CO, adsorption on TM@Nb,NO,: adsorption energy (E.qs) with unit eV, the
angel of 0—C—O with unit °, the bond length of TM—O and TM—C with unit A,
net charge accepted by CO, molecule with unit e.

Catalysts E.qs (CO2) 0—C—O angle drv_c drv_o Q

V@Nb,NO, -0.77 138.39 2.00 1.93 - 0.60
Cr@Nb,NO, —0.51 142.59 2.00 1.97 —0.53
Mn@Nb,NO, —0.34 141.62 2.00 1.93 - 0.58
Fe@NbyNO, —0.46 150.77 2.04 2.00 - 0.25
Co@Nb,NO, —0.30 154.34 2.05 1.99 - 0.26
Ni@Nb,NO, —0.54 151.74 1.96 1.92 —-0.31

evaluate the ECR selectivity versus HER selectivity [59]. Therefore,
AG+coon,ocuo were calculated and compared with AG+y. As plotted in
Fig. 3, all TM@NDbyNO; electrocatalysts prefer ECR (below the diagonal)
to HER (above the diagonal). Notably, V, Cr and Fe@NbyNO, are ECR
selective with two favourable initial protonation processes (*COOH and
*OCHO), while Ni, Co and Mn@NbsNO; exhibit ECR selectivity only
with one favourable initial protonation step (*COOH or *OCHO).
Meanwhile, AG:ocuo is smaller than AG:coou for V, Cr and

10J @ *CooH ° -7
® *OCHO e
°
7z
.
Ni o
= 0.5 g, -
= >
= .® n
iO) 2
= 0.0 - e e
o 4 A%
e .
P 7 ®
3 ’ i Fe
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-0.5 27
v
.
.
7z a2 .
y [
.
-1.0 T T T T
-1.0 0.5 0.0 0.5 1.0
AG,y (eV)

Fig. 3. The Gibbs free energy changes (AG (eV)) for the first protonation step in
ECR and HER on TM@Nb,NO,.

Fe@NbyNO,, demonstrating that the formation of *OCHO is more
energetically favourable. Therefore, the *COOH reduction path and the
corresponding CO product will not be considered on these three SACs in
the further protonation process.

3.5. ECR to C1 products on TM@NbyNO>

The reduction products from CO; could involve C;, C3 and C3 due to
complex protonation and C—C coupling. However, the formation of high
carbon products (Cy;) is impossible because C—C coupling will not
occur on SACs. Therefore, only C; products by accepting 2e to 8e elec-
trons, including CO, HCOOH, HCHO, CH3OH, CH,4, were investigated in
this work. These different products are formed by different number of
protons binding C or O atoms. A possible pathway was plotted in Fig. 4
by taking the optimized configuration of intermediates on Fe@NbyNO3
as an example. It is obvious that only TM atom binds with the C or O
atoms during the whole ECR process, demonstrating TM atom as active
site.

After *COOH or *OCHO formation via accepting first proton-electron
pair, further hydrogenation by obtaining a second proton-electron pair
will produce *OCHOH or *CO intermediates. Therefore, the binding
strength between these two intermediates and active centre will decide
HCOOH or CO generation. We calculated the E,;qs of HCOOH and CO on
TM@NbyNO, (Table 2). For HCOOH formation from *OCHO, V, Cr, Mn
and Fe@NbyNO, show a large E,qs with — 1.07, — 1.25, — 0.87 and
— 1.51 eV, respectively. For CO formation from *COOH, the E,45 of CO
on Co and Ni@NbyNO; are — 1.95 and — 1.73 eV, respectively. It means
that both HCOOH and CO could be further protonated on these SACs
instead of desorbing from the SACs as final products. In addition, the
generation of *OCHOH or *CO on Fe, Co, Cr, Ni and V@NbyNO; are
overall exothermic. The generation of *OCHOH is only slightly endo-
thermic on Mn@NbyNO,, benefiting the further reduction of
intermediates.

For further hydrogenation of *OCHOH or *CO, three possible inter-
mediate including *CHO, *COH and *OCH could be generated. Notably,
*COH from *CO (*CO + (H" + e™) -»*COH) on Co and Ni@NbyNO»
underwent a larger energy uphill in comparison with the formation of
*CHO (*CO + (H' + e’) —*CHO). Similarly, For V, Cr, Mn and
Fe@Nb,NO,, the formation of *OCH from*OCHOH (*OCHOH + (H™ +
e ) >*OCH + H0) are more energy consuming than the production of
*CHO. Thus, it can be concluded that *CHO will be the key in-
termediates for the third hydrogenation process.
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Fig. 4. The optimized configuration of intermediates adsorbed on Fe@Nb;NO, during the whole ECR process from one-electron to eight-electron products.
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Table 2

The adsorption energy of different products CO, HCOOH, HCHO, CH30H and CH,4 with unit eV, and the limiting potential for generating final product CH4 with unit V.
Catalysts Eags (CO) Eags (HCOOH) Eads (HCHO) Eads (CH30H) Eads (CHa) Uy, (CHy)
V@Nb,NO, - —-1.07 —1.59 —-1.15 —0.35 —0.45
Cr@Nb,NO, - —1.25 —1.48 -1.17 —0.47 —-0.47
Mn@Nb,NO, - —1.20 —0.96 —0.88 —0.23 —0.62
Fe@Nb,NO, - —1.51 —1.06 - 0.75 —0.41 —0.89
Co@Nb,NO, —1.95 —1.08 —1.07 —0.38 -0.57
Ni@Nb,NO, —-1.73 —1.20 —1.03 —0.36 —0.28

*OCHy and *CHOH intermediates can be produced after *CHO *CHOH then accepted the fifth proton-electron pair to produce *CH

accepting the fourth proton-electron pair. It is evident from Fig. 5 that and *CH,OH intermediates, while the hydrogenation products of *OCHy
the AG of *CHOH on these six SACs show energy uphill, while the AG for are *OCH3 and *OHCH,. However, AG of *CH and *OHCH,, are ener-
the formation of *OCHj on these SACs show energy downhill. Therefore, getically unfavourable and will not form. In contrast, *CH,OH and
these TM atoms exhibit strong oxophilicity to form TM—O bonds. The *QCHgs will be the key intermediates and participate in later hydroge-
four-electron product HCHO will be desorbed from the electrocatalyst if nation. CH30H is the six-electron product via *OCHz + (H" + e)
the interaction between *OCH; and TM atom is too weak. The calculated —*OHCH3 — * 4+ CH30H. Nevertheless, the formation of *OHCH3 only
Eadgs of HCHO on these SACs are in the range of — 1.59 to — 0.96 eV, show energy downhill on Fe and Mn@NbyNOs,. The E,g4s on V, Cr, Mn,
suggesting that it is difficult for HCHO to desorb and thus can be further Fe, Co, Ni@ Nb,NO, is — 1.15, — 1.17, — 0.88, — 0.75, — 1.07 and

reduced. — 1.03 eV, respectively. Thus, CH3OH can still be stably bonded with
2 2
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Fig. 5. The Gibbs free energy diagram for ECR on TM@Nb,;NO; to produce the final product CH4 under U = 0 V; the red pathway denotes the optimal pathway.
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SACs and further reduced. The eight-electron product CH4 can be
generated from diverse paths such as *CHz + (H" + e”) — * + CHy,
*OQCH3 + (H" 4+ e7) — CH4 + *O and *OHCH3 + (H™ + e7) — CH4
+ *OH. Remarkably, the E,g4s of CH4 on TM@Nb,NO,, are significantly
smaller than the other C; products, ranging from — 0.47 to — 0.23 eV,
indicating that CH4 can easily desorb from the SACs and become the
final product. According to principle of minimum free energy increase at
each step, the optimized paths for ECR to CH4 on TM@NbyNO2 were
concluded as below (Fig. 5):

(I) V,Cr and Fe@Nb,NO2:*+CO; — *OCHO — *OCHOH — *CHO —
*CHOH — *CH,OH — *CH, — *CHj3 — * + CHy

(II) Mn@Nb,NO,:#+CO,— *OCHO — *OCHOH — *CHO — *OCH, —
*OCH3 — *OHCH; — *OH + CHy — * + H,0

(IIT) Co and Ni @Nb,yNO,: * + CO, — *COOH — *CO — *CHO — *OCH,
— *OCH; — *OHCH; — *OH + CHy — * + H,0

Thus, TM@Nb2NO; can be promising candidates in electrochemi-
cally converting CO, to CHy.

To evaluate the ECR performance of TM@Nb2NO,, the PDSs and the
corresponding U, were summarized in Table 2. Generally, the lower the
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value of Uy, the higher the activity of SACs. In path I and II, *OCHOH —
*CHO was identified as PDS for V, Cr, Mn and Fe@NbyNO,. The Uy, for
CH,4 generation on these four SACs are — 0.45, — 0.47, — 0.62 and
— 0.89 V. The PDS of Co and Ni@NbyNO; in path III is *CO — *CHO,
and the corresponding Uy, are — 0.57 and — 0.28 V. Intriguingly, Uy, for
the ECR to CH4 on V, Cr, Co and Ni@NbyNO, are lower than that the
state-of-the-art catalyst Cu (211) (—0.74V) [60], demonstrating
potentially excellent performance of TM@NbsNO, for ECR to CHy.
Particularly, the Uy, of Ni@NbyNO, is among the best reported in liter-
ature. Finally, we investigated the stability of Ni@NbyNO, by AIMD
simulations with a time step of 3 fs at the temperature of 300 K for 18 ps
(Fig. S2). It can be found that Ni atom can still stay at the vacancy, which
evidenced that diffusion will not occur.

3.6. Electronic structure of intermediates adsorbed TM@NbyNO2

The excellent activity of TM@NbyNO3 for CHy4 generations is mainly
related to the interaction between active TM atom and substrate. As
shown in Table S1, the NboNO2 monolayer is negatively charged by TM
atoms. The different amount of charge transfer indicates the different
interaction strength. Consequently, the single TM atom with different
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positive charge will contribute to different catalytic activity. After in-
termediate adsorption on the single TM atom, the binding strength be-
tween them will directly determine Up. According to the Sabatier
principle, too strong or too weak binding strength will result in low
catalytic activity [61]. As shown in Fig. 6, the PDOS of key intermediates
from PDSs of TM@NbyNO,, exhibit deferent interaction between TM and
C or O atoms. For instance, the Mn-3d orbitals and the O-2p orbitals of
*OCHOH in Mn@NbyNOs have slight overlap, contributing to weak
binding strength. Fe-3d orbitals interacts greatly with O-2p, exhibiting
strong interaction. The corresponding adsorption energy of OCHOH on
these two SACs is — 0.95 and — 1.51 eV, suggesting that too strong or
weak interaction could increase the free energy of PDSs.

3.7. Activity origin of ECR to CH4 on TM@Nb3NO,

We further investigated the activity origin on TM@NbyNO3 by using
descriptors. The PDSs of TM@Nb3yNO3 can be assigned to *OCHOH and
*CO, therefore we distinguish them by two different areas (palegreen
and slateblue in Fig. 7). Since the d-band centre of TM atoms has often
been used to correlate the catalytic properties, the locations of d band
centres (¢) were calculated and plotted against Uy, as shown in Fig. S3
and Fig. 7a. With the increase of the TM-d electron number, ¢ shifts to a
more negative energy level, resulting in the increase of U. When the key
intermediate is *OCHOH, there is a good linear relationship between &
and Uy, (Uy, = 0.35¢ — 0.40, R? = 0.97). For *CO as key intermediate, only
Co and Ni@NbyNO;, are distinguished. Generally, the more negative the
value of ¢, the weaker the adsorption between intermediates and cata-
lysts. For example, it can be found that Mn@NbsNO, shows a lower e,
while the E,¢s for “OCHOH is smaller, indicating weak adsorption and a
large Ur. However, ¢ is not associated with E,4s for a specific TM atom in
a small range, because of the neglect of the d-band shape and the effect
of the TM-s and p orbitals. Thus, the linear relationship is not apparent
(Fig. 7b). For *CO intermediate, the higher € of Co atoms contributed a
strong E,qs of *CO and high Uy.
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The crystal orbital Hamilton populations (COHP) were employed to
analyse the bonding and antibonding states of the TM and key in-
termediates *OCHOH and *CO [13]. Meanwhile, the integrated COHP
(ICOHP) was calculated to give a more quantitative explanation
(Fig. S4). For O atom bonding with V, Cr, Mn and Fe@NbyNO,, it shows
obvious antibonding states below Fermi level, demonstrating weak
adsorption. The corresponding ICOHP values are — 1.32,
—1.44/—1.57, — 1.47/— 1.75, — 1.28/— 1.61 eV, respectively. V and
Cr@NbyNO; have similar antibonding states in spin up state, resulting in
similar U. For C atom bonding with Co and Ni@NbsNO,, there is no
antibonding state below Fermi level with value of — 2.56/— 2.66 and
— 2.40 eV, respectively, indicating strong adsorption. The more nega-
tive the ICOHP, the more stable of bonding, thus Fe@Nby;NO; shows a
large Ur. A good linear relationship between ICOHP and U;, was ob-
tained for V, Cr, Mn and Fe@Nb,NO,, (U, = 1.58® + 1.70, R? = 0.86),
disclosing the role of different metal centres in the bonding/antibonding
orbital populations.

Recently, charge transfers of active atoms have been reported as
descriptor to explain the performance of catalysts [62]. Herein, we
calculated the valence state (8§) of TM atoms after adsorbing in-
termediates. The § of different atoms for different binding atoms vary in
a range from + 0.55 to + 1.32, indicating an increase of charge transfer
from TM atoms after intermediates adsorption and different interaction
strength between them. Fe atom had the largest Ag increase of 0.37 after
intermediates adsorption, implying a possible strong interaction be-
tween Fe and *OCHOH and a large U;. Meanwhile, an approximate
linear relationship (U, = —3.02A8 —0.31, R? = 0.86) was obtained,
demonstrating that binding strength between catalysts and in-
termediates can be represented by AS. Therefore, ¢, ® and Ad can be
used as descriptors to describe the activity origin well. Meanwhile, the
Eads can be a nominal descriptor for the ECR activity to CH4 due to the
close connection between energy and electronic structure, while ¢, ®
and AS can quantitively describe the intrinsic activity of ECR to CH4 on
TM@ NbyNO,. Overall, the results show that Ni@NbyNO, is the best

03{@ @ 034(b) o
031N U, =0.355 - 0.40, R*=0.97 . N U, = 1IE, + 08 R2=0.70
0.4 . 0.4
: I’CSI: SR ] "Y
-0.51 » : s .
3 . ) M > ."Co
L .0.64 n L 061 i
> 0.6 e > 0.6 " Mng
o o =]
-0.74 -0.7 4
-0.8 1 -0.8 1
Fe .-~ -'Fe
-0.94 L -0.9 1 u
-l6 -14 -12 -10 -08 -06 -04 -02 0.0 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0
dband centre (g) Eqa
03{© 2. , 034d) N U, =-3.025-0.31, R2=0.86
Up = 1.580 + 1.70, R* = 0.86
041 V| 04y V.
-Cr." L ¢ B.aCr
054 0.5 !
—~ B . < L Co
> eCo H > @
0 | Mn. 2 064 . Mn
. -0.6 u - 0.6 oom
=) jo]
0.7 0.7
-0.8 -0.8
JEe Ee
-0.94 L -0.94 u
-2.6 24 22 -2.0 -1.8 -1.6 -1.4 -1.2 0.0 0.1 0.2 03 04
ICOHP (@) The change of valence state (Ad)

Fig. 7. The limiting potential for the generation of CH4 on TM@Nb,NO, as a function of (a) d band centre (¢), (b) adsorption energy (E,qs), (¢) ICOHP (@), and (d) the
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ECR catalyst for CH4 generation, while Fe@NbyNO; is not an ideal
catalyst.

4. Conclusion

Single TM atoms (V, Cr, Mn, Fe, Co and Ni) anchored NbyNO,
monolayer as potential SACs for electrochemical CO, reduction were
studied by first-principles calculation. Results demonstrate that TM
atoms can be stably embedded into N site and will not aggregate into
clusters. CO2 molecules can be effectively activated by V, Cr and
Ni@NbyNO; due to charge transfer and large adsorption energy. All
TM@NDbyNO;, electrocatalysts exhibit high selectivity for ECR in com-
parison with HER. The E,4; of C; products (CO, HCOOH, HCHO, CH3OH)
is too large for them to desorb from the surface of catalysts, while CHy4
can easily desorb due to the small E,4s. The PDS on these SACs for ECR to
CH4 can be divided into two categories: *OCHOH to *CHO for V, Cr, Mn
and Fe, and *COOH to *CHO for Co and Ni. The Uy, for CH4 generation on
V, Cr and Ni@NbyNO3 SACs are — 0.45, — 0.47 and — 0.28 V, exhibiting
high performance for ECR to CHy4 and is even better than the Cu (211)
electrocatalyst. Furthermore, the adsorption energy of the key in-
termediates (En4s) can serve as a nominal descriptor to indicate ECR
activity, while d band center (g), ICOHP (®), the change of valence state
(Ad) can quantitatively describe the ECR activity. This work demon-
strated that MXene based earth abundant metal SACs are promising for
electrocatalytic CO; reduction.
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