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Abstract

Electrochemical CO,/CO conversion to valuable chemical products is an attractive
strategy for storage of clean energy and control of greenhouse gas emission. Currently,
CO; reduction to CO is relatively mature, whereas the deep reduction and further
conversion of CO into multi-carbon products, such as ethylene (C,H4) and ethanol
(C,H50H), are highly challenging. Based on the density functional theory (DFT)
calculations, we explored the possibility of CO reduction reaction (CORR) to C,

products on defective MXenes in which the defect is created by removing two
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neighboring oxygen atoms on surface. Our results revealed that the dual-oxygen
vacancy in defective Mo,TiC,0, (labeled as Mo,TiC,0,-20y) can offer a unique
environment that confines and enriches the active *COH species, significantly
promoting the reduction process as well as C-C bond coupling. The thermodynamic
barrier of the potential-determining step (PDS) for Mo,TiC,0,-20y is 0.32 eV with
promising selectivity of C, products over competing hydrogen evolution reaction
(HER). This work provides feasible strategy of designing the MXene-based

electrocatalysts for highly efficient CO,/CO reduction to C, products.

Keywords: Density functional theory; Defective MXene; Electrocatalyst; CO

reduction reaction; Dual-oxygen vacancy

1. Introduction

The extensive consumption of fossil fuels produces huge amount of carbon oxides,
including CO, and CO, leading to serious environmental issues.!-* The widespread
application of clean energy is urgently required for sustainable development.* >
Electrocatalytic conversion of carbon oxides is of great importance in both carbon
recycling and the storage of intermittent renewable electricity.®® The two-electron
reduction of CO; to CO has been well understood, while the mechanistic understanding
of CO reduction to multi-carbon products, such as ethylene®!! and liquid oxygenates!?
13, is still limited and has more space to explore. In addition, CO can be obtained
inexpensively from industrial products or exhaust. 8 14 Thus, considering the economic
cost, direct CO conversion to high-value chemicals has attracted increasing attention in
clean energy technology.!> 16

Copper-based material is the most widely studied electrocatalyst that facilities the
reduction of CO to multi-carbon products.!’-1° However, the applicability in industry is
still subject to their relatively high overpotential and low selectivity,?% 2! leading to the

need of exploring new and promising catalysts. Two-dimensional transition metal
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carbide/nitride,?> 23 known as MXene, has exhibited promising performance as
electrocatalyst due to the large surface area, abundant active sites and excellent
electrical conductivity.?*?® MXene possesses a general formula of M, X, Ty (n = 1-3),
where M, X and T refer to the transition metal (M), carbon/nitrogen (C/N) and the
terminated functional groups (T), such as -OH, -F or -O.?° Pourbaix graph has indicated
that a surface covered by -O is energetically favorable in most situation.3° The -O group
can be removed to create oxygen vacancy, resulting in exposed metal atom as active
catalytic site.3!-** On one hand, from early experimental study, it was reported that the
exposed metal atoms on the Ti;C, surface are able to capture CO, chemically, implying
the potential application of MXene in CO,/CO conversion.>> On the other hand, a
computational screening on MXene as CO,RR electrocatalysts has shown the great
potentiality of MXene family and the Mo3;C, was predicted to be a promising candidate
as CO,RR catalyst.’¢ Recently, we also studied the defective hybrid MXene Mo, TiC,0,,
as a potential electrode for CO reduction toward CH,4.3” By creating oxygen vacancy on
the basal plane, a unique chemical environment was constructed which significantly
promotes the CO reduction to hydrocarbon.

Inspired by aforementioned works, we took Ti;C,0,, M03C,0, and Mo,TiC,0; as
substrates, and designed catalysis systems with more spacious surface vacancy by
removing two neighboring oxygen atoms to increase the local concentration of active
sites and potentially enable the C-C coupling. Our DFT results demonstrated that the
defective Mo,TiC,0, with a dual-oxygen vacancy (labeled as Mo,TiC,0,-20y)
exhibits superior activity and selectivity for CORR toward C, products. All the
electrochemical reduction steps and the C-C bond coupling are feasible, with low

limiting potential of -0.32 V vs. reversible hydrogen electrode (RHE).

2. Computational Details

The spin-polarized DFT calculations were performed by using the Vienna ab Initio
Simulation Package (VASP).33-40 The Perdew-Burke-Ernzerhof (PBE) functional*!

belonging to the generalized gradient in generalized gradient approximation (GGA)
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was used to mimic the exchange-correlation effect, with the projector augmented wave
(PAW) method* to describe ion-electron interaction. Cutoff energy for the plane-wave
basis was set to be 450 eV. DFT-D3* correction was employed to consider van der
Waals (vdW) interaction. The solvation effect was included by using the implicit
solvation model in VASPsol, where the dielectric constant was set as 80.0 for water.**
Three MXenes were studied as the substrates in this work: Ti;C,0,, M0;C,0, and
Mo, TiC,0,. Oxygen vacancy was created by removing two neighboring oxygen atoms
on the surface. A vacuum layer of 15 A in z direction was applied to avoid the
interaction between periodic images. The effect of supercell size on the interaction to
CO were evaluated according to adsorption energies of CO. The energy difference
between the simulated adsorption energies in 4x4x1 and 3x3x1 supercell was less than
0.01 eV. Thus, we adopted 3x3x1 supercell in this work to save the computational cost.
The Brillouin zone was sampled by a 3x3x1 Monkhorst-Pack k-point grid.#> The
convergence criteria of force and energy in our calculation were 0.02 eV A-! and 104
eV respectively.

The Gibbs free energy change (AG) for each step of CORR process was calculated
based on the computational hydrogen electrode (CHE) model proposed by Norskov et
al:46

AG = AE + AEzpg — TAS
where AE, AEzpg, and AS are the change of total electronic energy in DFT, zero-point
energy (ZPE) from the vibrational analysis and the entropy change between reactants
and products, as shown in Table S1. The entropies of gas molecules were taken from
the NIST database. The catalytic activity was evaluated through the limiting potential
(Up) vs. RHE that was defined as: 4°
Uy, = — AGpax/e

AGpax 18 the maximum free energy change of CORR process and e is the

elementary charge. Transition state searches were conducted with the climbing-image

nudged elastic band (CI-NEB) methods with four intermediate images for each step.*’
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In this work, we employed the widely used CHE model with implicit solvation
treatment, which is routine and computation-saving. But we have to point out that this
approach has certain limitations. The static calculation of intermediates and transition
states crudely approximate crucially relevant entropic effects. The implicit solvation
model that treats solvent as a structureless continuum cannot describe the interactions
between key intermediates and electrolyte molecules, such as hydrogen bond that plays
a critical role in the electrocatalytic reaction at the solid-liquid interface. Moreover, the
influence of electric field is included too roughly. Recently, some new theoretical
approaches have been established. For example, the constant potential method
including few explicit water and continuum dielectric can reproduce a relatively
reasonable electrochemical environment. 44 Metadynamics simulation coupled with
DFT-based molecular dynamics enables a more comprehensive sampling of the
configurational space and hence describes free energy change in solvation more

accurately.’%->2 We will try to apply these advanced methods in our following work.

3. Results and discussion

CO adsorption on the defective MXene surfaces
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Figure 1. Top and side views of (a) Ti3C,0,-20y, (b) M03C,0,-20y and (c)

Mo,TiC,0,-20y. The removed oxygen sites are marked in dashed circles.

There are two possible sites that the terminal oxygen occupies, namely the face-
centered cubic (fcc) site and the hexagonal close-packed (hcp) site (Figure S1). First,
we studied the most stable configurations of the terminal oxygen in the three materials.
Theoretical optimization shows that the fcc site is energetically more favorable in
Ti3C,0,, whereas the oxygen at hcp site is more stable in Mo;C,0, and Mo,TiC,0,,
consistently with previous literature.’® In experiment, there exist plenty of oxygen
vacancies (Oy) on the exfoliated MXene surface,’** and the O, can also be introduced
by the incomplete terminal functionalization or partial reduction of the fully oxygen-
covered plane.3* 33-37 Our preceding work has shown that CO molecule can be captured
by the exposed metal atoms at oxygen vacancy and then readily reduced to C; product,
methane. Herein we propose that the C, products could be yielded if two neighboring
oxygen atoms are removed to generate a more spacious vacancy. Formation energies
of the first and second O, are calculated to evaluate the feasibility of defective MXene

following the reactions:
Mn-HXnOX + H2 g Mn+anO'10v + H2O E(IOV)a

M1 X,0-10, + H, = M, X,0-20, + H,O E(20v).

Here the DFT energies of hydrogen and water molecules are used in the calculation.

For the second leaving oxygen atom, both the sites close to and apart from the first
vacancy are considered, corresponding to vacancy formation energies as E(20y)g., and
E(20v)separateas Tespectively. As listed in Table 1, E(20y)s are comparable to E(10y),
especially in the Mo-containing MXenes. Thus, if one oxygen is able to be removed,
then a second oxygen atom can also be removed under similar conditions. Previous
simulation also indicates that the surfaces covered by oxygen are stable. Even if the
coverage of the surface groups is reduced by a quarter, the structural stability is largely
unaffected.’® We assume that the reductant capable of providing multiple electrons may

remove two or more adjacent oxygen atoms simultaneously, such as NaBH, or LiAlH,
6
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that have been widely employed to treat oxygen-covered surfaces to generate defects.>-

61

Table 1. The formation energies of various oxygen vacancies.

E(IOV) / eV E(2OV)dual / eV E(ZOV)seperated / eV

Ti;C,0, 1.40 2.14 1.56
Mo;C,0; 0.86 0.86 0.91
Mo,TiC,0, 1.18 1.25 1.24

Figure 2. Adsorption configurations of one CO molecule on three surfaces (a) TizC,0,-
20y, (b) M03C,0,-20y, and (¢) Mo,TiC,0,-20y. Color code: C, grey; O, red; Ti, light

grey; Mo, cyan.

The adsorption of CO molecule in the vacancy is the first step of the whole CO
reduction process. As shown in Figure 2. CO molecule tends to be trapped on the
exposed metal atom within a carbon ending-on configuration. We mark adsorbed CO
as “CO in which the asterisk represents the adsorption sites. The calculated binding free
energies of the first “CO on Ti;C,0,-20,, M03C,0,-20, and Mo,TiC,0,-20, are 0.48
eV, -0.54 eV and -0.89 eV respectively. The exothermic adsorption on Mo, TiC,0,-20y
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or Mo3C,0,-20y indicates that CO can be readily adsorbed on these two surfaces, while
the Ti3C,0,-20y shows relatively weaker interaction with CO than other two defective
MXenes. Thus, in later discussions, we will mainly focus on the Mo;C,0,-20, and
Mo, TiC,0,-20,. Since the dual-oxygen vacancy is created by removing two oxygen
atoms, one more CO molecule is able to be captured to form (*CO)(*CO). Here the
brackets denote the isolated adsorbed groups. For the adsorption of the second CO, the
binding strengthens on Mo,TiC,0,-20y and Mo0;C,0,-20y slightly decrease and the
calculated binding free energies change to -0.39 eV and -0.41 eV respectively. Herein,
the precursors to C, products are easily formed in Mo;C,0,-20, and Mo,TiC,0,-20,

systems.

C-C coupling in the spacious vacancy

In electrocatalysis reduction process, proton-electron pairs attack the (*CO)(*CO)
intermediate continuously. A thermochemical step of C-C bond formation is inserted
between the electrochemical steps. C-C coupling that plays a critical role on the
generation of C, products may take place between two “CO or other hydrogenated
species, such as "CHO or *COH.?! Considering the steric effect, hydrogen is unlikely
to attack the buried carbon to form *CHO once two “CO groups are adsorbed.’” Thus
there are three possible steps of C-C bond formation that start from (*CO)(*CO),
(*CO)(*COH) and ("COH)(*COH). The free energy changes of the electrochemical
hydrogenation and coupling steps are listed in Table 2. One can see that the
hydrogenation steps are spontaneous whereas the formation of new chemical bond is
endothermic until ("COH)("*COH) is generated. Herein we suggest that the C-C
coupling occurs between two “COH groups. In the vacancies of Mo3;C,0,-20y and
Mo,TiC,0,-20y, the C-C distances in (*COH)(*COH) are 2.83 A and 2.76 A
respectively. In comparison, the newly formed bond lengths are 1.42 A and 1.40 A,
respectively, implying a stable double bond arises. The free energy changes illustrate

that the dimerization of *COH on both M03;C,0,-20y and Mo,TiC,0,-20y are

8
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thermodynamically feasible. In addition, as shown in Figure 3, the CI-NEB-obtained
activation energy barriers of “COH dimerization on M0;C,0,-20y and Mo, TiC,0,-
20y are 1.11 eV and 1.37 eV respectively. These simulated barriers are lower than that
reported on Cu active surface (1.50 eV), which is able to be overcame at ambient
condition.®? %3 In comparison, on the metal surface, although the coupling between two
hydrogenated carbonyl groups may be also feasible, the low concentration of “CHO or
*COH on the surface limits the kinetics of dimerization and leads to a predominance of
coupling in (*CO)(*CO) or (*CO)(*COH).# * In other words, the vacancy provides a
unique environment that confines and enriches the active species, i.e., “COH, resulting

in the higher activity of C-C coupling.

Table 2. Free energy changes of possible hydrogenation and C-C coupling steps after
that two CO molecules have been adsorbed in the vacancy. AG3 denotes to the free

energy changes from intermediate 1 to intermediate 2.

DGEERCE G AGUEINH AU  AGUGRLA
/eV /eV /eV /eV /eV
Mo,TiC,0,-20y -0.14 1.03 -0.07 0.60 0.08
Mo;C,0,-20y -0.06 0.78 -0.01 0.67 0.35
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Figure 3. The reaction energy barriers of ("COH)(*COH) dimerization steps on
MozTiC202-2OV and M03C202-20V.

Further reduction to C, products
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Figure 4. Free energy profiles of the whole CO reduction pathways on M03;C,0,-20y
and Mo,TiC,0,-20y at 0.0 V vs. RHE. The structures of key intermediates are depicted
in the insets. Green, black, red and white balls represent Mo, C, O and H atoms,

respectively.
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The following steps to three common C, products, i.e., C;H,, C;Hg and C,HsOH, were
investigated to determine the favorable pathways on Mo03;C,0,-20, and Mo,TiC,0,-
20,. The whole free energy profiles are depicted in Figure 4 and key information is
summarized in Table 3. After C-C coupling between two *COH group, the protonation
to *COH"COH proceeds to “CCOH with the removal of a water molecule. Then *CCOH
is further reduced to "CHCOH, from which the pathways to hydrocarbons and ethanol
are divided. If the next proton-electron pair reacts with the carbon in *CHCOH
intermediate to generate “CHCHOH or *CH,COH, alcohol should be the main product.
Otherwise, the protonation on the oxygen results in dehydration to *CCH and the
subsequent route to hydrocarbons.

On Mo;C,0,-20,, the step from *CHCOH to *CHCHOH is found to be
energetically unfavorable with a barrier of 1.02 eV, while hydrogenation energetics to
*CCH and "CH,COH are comparable (0.50 eV vs. 0.42 eV). Herein the selectivity
between hydrocarbons and ethanol may be relatively low. Among all the elementary
steps, the formation of “CCH is the PDS with the maximum free energy change. The
thermo-dynamical barriers of the subsequent hydrogenation steps to ethane or ethylene
are all less than 0.20 eV, while the step from *CH,CHOH to *CH,CH,OH on the path
to ethanol exhibits a barrier of 0.49 eV. The energy barriers of PDS’s to hydrocarbons
and C,HsOH are comparable. There is only one relatively high barrier on the path to
hydrocarbon, but two to C,HsOH. Besides, desorption of ethylene requires to overcome

higher energy barrier than ethane. Herein ethane is suggested to be the major product.

In comparison, the deep reduction on Mo,TiC,0,-20y is thermodynamically
feasible as well. Unlike Mo;C,0,-20, system, the Gibbs free energy barriers from
*CHCOH to *CHCHOH is much lower than that to *CH,COH on Mo,TiC,0,-20y (-
0.19 eV vs. 0.90 eV). On the other hand, the hydrogenation of “*CHCOH to *CCH
requires energy change of +0.32 eV. We can roughly estimate the selectivity according
to Arrhenius equation:

S = exp(|4 ery—inlermediatel/ RT)

where AGey-intermediare 1S the free energy difference between *CCH and “CHCHOH. Here
the estimated selectivity is over 99%. Therefore, the path to ethanol is preferable in

which the PDS is the generation of *CH,CHOH with a barrier of 0.13 eV. The later

12
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hydrogenation steps are all exothermic and desorption of ethanol is also energetically
not hard to achieve. Therefore Mo,TiC,0,-20y is theoretically found to be an ideal

electrocatalyst with both high activity and selectivity for CO reduction to ethanol.

Table 3. Summary of the whole reduction processes on various surfaces.

PDS AGpps/eV Major Product
Mo;C,0,-20, *CHCOH-"CCH 0.50 C,Hg
Mo,TiC,0,-20, *CHCOH-"CHCHOH 0.32 C,HsOH

Competition with C1 paths and HER

Although dual-oxygen vacancy is created, the CO reduction on an individual vacancy
to C1 product is still possible and it could be a competing reaction of the C-C coupling.
*CHO and "COH are two critical intermediates that lead to CH4 or CH3OH formation.
As listed in Table 4, "CHO formation is more preferable than *“COH, while the energy
changes of both the two hydrogenation steps are positive, in contrast to the exothermic
adsorption of the second CO. Besides, the addition of proton-electron pair becomes
much easier after the adsorption of the second CO with a negative energy change. Since
the vacancy has been occupied, (*CO)("*COH) tends to be generated rather than
(*CO)(*CHO). Especially, for Mo,TiC,0,-20y, both the hydrogenation energies to
generate "CHO and "COH are higher than all the barriers on the pathway to ethanol.

Therefore, Mo, TiC,0,-20y could possess high selectivity of ethanol over C; products.

Table 4. Gibbs free energy changes to different key intermediates

* C0 * CO * C0 * CO)(*CO
AG?: 50 eV AG? [ /eV AG(, Do (v coyeV AGE* co%E* Cogl eV

Mo3C,0,-20y 0.11 1.65 -0.39 -0.06

Mo,TiC,0,-20y 0.33 0.72 -0.41 -0.14
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Furthermore, the protons in solution can be captured by the active sites, resulting
in the competitive hydrogen evolution reaction (HER) and low Faraday efficiency. The
adsorption free energy of hydrogen (AG+y) was calculated to evaluate the competition
of HER. For M05;C,0,-20v and Mo0,TiC,0,-20y, the AG+y’s are 0.08 eV and -0.11 eV,
respectively, indicating weaker adsorption than CO. Herein, the active sites are more
likely to be occupied by CO and then CORR occurs. The binding of water to the active
site was also considered, as shown in Figure S2. For M0;C,0,-20y system, water with
stronger binding (-0.59 eV vs. -0.54 eV) could hinder CO adsorption. While on
Mo, TiC,0,-20y, CO adsorption is more preferable than H,O (-0.89 eV vs. -0.75 eV),
suggesting that H,O has little influence to the CORR on Mo,TiC,0,-20y,

Insight into the unique property of Mo,TiC,-20y system

To understand the enhancement of C-C coupling on Mo,TiC,0,-20y, the electronic
structure analysis was further performed. We focus on the p-orbitals of two carbon
atoms in three intermediates, i.e., ("CO)(*CO), (*CO)(*COH) and (*COH)(*COH), in
which two CO molecules have been trapped but C-C bond is not formed. As shown in
the projected densities of states (pDOSs) plotted in Figure 5(a), the p-orbitals of carbon
atoms are mainly composed by the anti-bonding orbitals above the Fermi level. As the
hydrogenation steps undergoing, electrons are filled into the anti-bonding orbitals of
the carbonyl groups, leading to the down-shift of the p-bands of carbon atoms to valence
band. In ("“COH)(*COH), a large part of the p-band is below and close to the Fermi
level, which is related to significantly activation of frontier orbitals. As a consequence,
the C-C formation takes place between two adsorbed COH groups in ("COH)(*COH)
intermediate.

On the other hand, according to the electronic effect on the C-C coupling, we
believe that more electron transfer from catalyst to adsorbent can facilitate the
formation of the multi-carbon products. To verify this point, the electron densities of
Mo, TiC,0,-20y and Mo0;C,0,-20y are compared in Figure 5(b), showing the electron

density difference between these two homologous structures. Apparently, the defective
14
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hybrid MXene, Mo,TiC,0,-20y exhibits higher electron density in the vacancy,
suggesting that this substrate is able to donate more electrons to the adsorbed CO,
subsequently strengthen the adsorption and eventually promote the dimerization of the

carbonyl groups.

(a) 0.8 T (b)
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Figure 5. (a) The pDOS of p-bands of C atoms in carbonyl groups of (*CO)(*CO),
(*CO)("COH) and (*COH)(*COH). The red and blue lines are corresponding to the
carbon atoms that are hydrogenated sequentially. (b) The charge density difference
between Mo,TiC,0,-20y and Mo03;C,0,-20y. In yellow area, Mo,TiC,0,-20y system
possesses higher electron density than Mo3;C,0,-20y, whereas in cyan area the electron

density of Mo, TiC,0,-20y is lower.

4. Conclusion

In summary, by performing DFT calculations, we explored three MXene materials with
dual surface vacancies as potential electrocatalysts for CORR to C, products. The
vacancy was created by removing two neighboring oxygen atoms in the surface layer.
DFT simulations demonstrate that Mo,TiC,0,-20y is a candidate for efficient
electrocatalysis CORR to produce ethanol, with both the low overpotential and kinetic

barriers as well as promising selectivity over C1 paths and HER. The energy change of

15
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the PDS is only 0.32 eV, related to a less negative limiting potential of -0.32 V. The
activation energy barrier of C-C coupling is calculated to be 1.37 eV, which is lower
than that on copper surface. Moreover, the produced ethanol is easy to desorb from the
active site. The electronic structure analysis shows that, as the carbonyl group is
reduced to *COH species, the p-bands of C atoms shift down below Fermi level, which
promotes the formation of the new C-C bond. The substrate with higher electron density
in the vacancy, namely Mo,TiC,0,-20y, can provide more electrons to carbon, herein
possesses the best performance for electrocatalytic CORR. Our work shows the
potentiality of defective Mo,TiC,0, as the electrocatalyst for CORR and provide a
possible strategy to improve the performance of MXene electrocatalysts by creating
spacious oxygen vacancy. We hope to have the opportunity to collaborate with

experiments in the future to realize our theoretical hypothesis.
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