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Abstract

In this study, the density functional theory (DFT) implemented in the Vienna ab initio simulation
package (VASP) was used to shed more light on the catalytic Carbon dioxide (CO2) hydrogenation
process on the (111) facet of the carbon-terminated tantalum carbide (TaC) surface. The adsorption
of several intermediates and their hydrogenation elementary steps on the TaC (111) surface
towards the formation and desorption of the main products including carbon monoxide (CO),
methane (CH4), and methanol (CH30OH) was investigated. The results indicate that the involved
intermediates adsorb strongly to the carbon-terminated TaC (111) surface by releasing large
energies. The calculated reaction energies concluded in proposing the preferred mechanisms
energetically, where the found pathways are overall endothermic which can be provided by the
large exothermic adsorption energies of the intermediates. The favorite routes to the formation of
desired compounds including CO, CH4, and CH3OH require overall reaction energies of -, -,
and - eV, respectively, where they go through dihydroxycarbene (HOCOH) intermediate
created from t-COOH hydrogenation. Along these routes, COH dehydrogenation to CO releases
the largest exothermic reaction energy of - eV, while hydrogenation of t-HCOH to CH.OH

requires the highest endothermic reaction energy of - eV to proceed._
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1. Introduction

Fossil fuel energy demand increased due to industrial growth, which has led to more pollution in
the air as well as oceans. These pollutions have created greenhouse gasses along with ocean
acidification, which are serious environmental concerns [1-4]. Specifically, the capturing and
modification of CO; as a most blamed component, seems essential to stop more consequential
damages in natural echo systems, meanwhile, obtaining valuable products could be hitting two
birds with one stone.

Progressively, scientists are searching for negative emission technologies (NET) to reduce the
emission of carbon dioxide through different strategies, such as biomass-based NET [5-8].
Alternatively, a crucial scene is the hydrogenation of CO> through utilizing novel catalysts to
generate hydrocarbon products such as CO, HCOOH, CH,O, CH30OH, and CH4 [9-15]. In the
vicinity of an appropriate catalyst, the stable linear CO> molecule will be distorted by adsorption
or chemisorption preparing to accept extra proton and electron as a result of changing anti-bonding
energy states [9, 10, 16, 17].

Merging organic carbon atoms into a transition metal can lead to the formation of compounds
called transitional metal carbides (TMCs) within the mixture properties of both ingredients such
as firmness, high melting point, high corrosion resistance, and remarkable thermal and electrical
conductivity due to the heritage in network solids, crystal lattice, and transition metal’s properties
[18-28].Remarkably, the presence of carbon could extremely change the catalytic properties of
involved metals such as tungsten to platinum catalytic behavior as mentioned for the first time by
Levy and Boudart in 1973 [29]. Besides, 2D TMC:s structures known as MXenes are claimed to
be the ambitious catalysts for some electro-catalytic reactions [30-32].

Recent experimental and DFT studies have shown that TMCs such as TiC, ZrC, WC, NbC, TaC,
0-MoC, B-Mo2C, a-Mo2C, WC, NbC, and NbC surfaces can be used for CO, activation [15, 28,
33-39] and conversion into CO [33, 40], CH4 [13-15, 41], CH30H [34] and other compounds [42,
43]. Our previous DFT studies on TM and C-terminated NbC (111) and TM-terminated TaC (111)
confirmed the catalytic activity of these surfaces towards CO> hydrogenations to CH4 [13-15]. In

the meantime, the interaction of hydrogen with the catalyst’s surface has considerable importance



and it is accepted that the (111) orientation index sometimes is less stable and more active than the
other low-index orientations [44, 45]. It was also found that CO, molecules were reduced more
easily on the (111) facet of TiC and ZrC surfaces than on other facets [46, 47]. Generally,
comprehensive studies have been done to explain the interaction between transition-metal carbide
surface and hydrogen through angle-resolved photoemission technique showing preferred sites for
adsorbing hydrogen [48-51]. The study by Aizawa et al. on hydrogen adsorption on IV and V TMC
(111) surfaces by HREELS showed the vibrational frequency of hydrogen adsorption on TaC (111)
surface at a much higher energy than those of other surfaces.[49] They attributed these
observations to this fact that hydrogen is adsorbed on TaC (111) surface on a different site from
the other TMC (111) surfaces and consistent with the formation of a CH species on the TaC (111)
surface. They suggested that TaC (111) surface was carbon terminated, whereas other investigated
surfaces were metal-terminated. Another study by Kitchin [52] also studies adsorption of hydrogen
on C-terminated TMC (111) surfaces, where they found that H atom was stable only on TaC with

high adsorption energy of -3.92 eV confirming that C—H species exist on the surface. It is also

worth mentioning that TaC is stable to very high temperatures [53, 54]. _

Due to budgetary control in industrial production, an inexpensive hydrogen evolution reaction
catalyst seems indispensable and triggers research on both theoretical and experimental domains.
Based on the aforementioned motivation, this work committed to the theoretical evaluation that
how a carbon termination surface of tantalum carbide (TaC) compound could be used as a catalyst
for CO; conversion. In this regard, all possible pathways starting from adsorbed CO> until each
final hydrocarbon stock has been tracked by calculating and comparing the energies of all possible

intermediate steps.

Solving many-body Schrodinger equation is at the heart of quantum chemistry and it is critical to
acquire a reasonable computational method. In contrast, to mean field wave function based

Hartree-Fock and Post Hartree-Fock methods, the density functional theory (DFT) benefits from



spatial electronic density, proved to be quicker and more effective in this case, and will be used

through this study as well as many studies in the literature [55-58].
2. Computational details

The plane-wave basis Viena Ab-initio Simulation Package (VASP) [59] was selected to establish
density functional calculations, utilizing Perdew—Burke-Ernzerhof (PBE) [60] functional for the
GGA approximation incorporated with London dispersion energy correction (DFT-D3) [61]. A
plane wave cutoff energy of 600 eV was used for total energy calculations in both slab and bulk
arrangements. Brillouin-zone integrations were performed using the 11x11x11 and 4x4x1 k-point
Monkhorst-Pack grid for bulk and surface, respectively. The calculated lattice constant of ap =
4.450 A is in excellent agreement with experimental data (ap = 4.454 A) [62] and the results of
other DFT studies (ap = 4.485 and 4.436 A) [23]. The periodic slab for the carbon-terminated TaC
(111) surface is consisted of seven layers within 112 atoms where the top three layers were allowed
to relax and four bottom layers are fixed to their bulk positions. A vacuum region of 20 A was
adopted to preclude interactions between slabs in the z-direction due to periodic nature of
calculations. The self-consistent criteria in each iteration are 0.01 eV/A and 107 eV for force

tolerance and energy precision, respectively.
bridge, and hollow sites to calculate the favorable adsorption geometries. Based on this. the
adsorption energy of each intermediate species (Eags) was calculated by:

Eads =EA+slab _EA - Eslab, ( 1)

where Easab, Ea, and Egap denote the total energies of the relaxed adsorbates on the TaC (111)
surface, the isolated adsorbates, and TaC (111) slab, respectively. Based on these definitions, the

negative (positive) adsorption energy implies an exothermic (endothermic) process.
3. Results and discussion

3.1 Reaction networks of CO; hydrogenation



In the following sections, we provide a detailed investigation of the reaction network of all possible
intermediates that are involved in the processes of CO; hydrogenation on C-terminated TaC (111)
surfaces. To end this, we first optimized all of the intermediates on the C-terminated TaC (111)
surface to explore the most favorable adsorption site and geometry which will have been explained
in detail in the next section. Various particular elementary steps for the reaction map of CO>
hydrogenation to CO, HCOOH, CH,0O, CH30H, and CH4 on the C-terminated TaC (111) surface
are demonstrated in Figure 1. Initially, the main trend of the reaction network includes pathways

either from HCOO or from (c,t)-COOH.
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Figure 1. The possible reaction networks of CO, hydrogenation to CO, HCOOH, CH,0O, CH3;0H, and
CHson the TaC (111) surface.

3.2 Adsorption configurations and energies on TaC (111) surface

To map the most efficient and probable reaction path of CO2 hydrogenation on C-terminated TaC
(111) surface, we have optimized all involved intermediates, searching for the most favorable sites

as well as molecules’ relaxed structures and related energies through starting from several initial

configurations (see Figure. 2 and Table 1). Phe'results'of our previous'study of the adsorption

The carbon atom tends to relax on the C atom of the TaC (111) surface forming a strong bond with

adsorption energy -11.3 eV and a C—C bond length equal to 1.35 A. Besides, the hydrogen atom
finds its best position right above the C atom of the TaC (111) surface forming an H-C bond with
a length of 1.098 A. Both H,0 and OH rest in the bridge position near the C atoms of TaC (111)



surface while the OH position is more perfect in which the oxygen atom bonds to the carbon atom
with energy #4.93 eV and adsorption energy of H>O is :1.32 eV. CH prefers to adsorb nearly on
top of the C atom of the TaC (111) surface with bond length and adsorption energy of 1.28 A and
=9.13 eV, respectively. CO binds to TaC (111) surface through its C atom which is located exactly
at top of the carbon atom of the surface with a C—C bond length of 1.32 A and an adsorption energy
of :3.93 eV.

The results show that the CO, molecule can’t form any chemical bond to TaC (111) surface within
the least deformation in CO; structure and bond length, such that the C—O bond length and C-O-
C angle are 1.177 A and 179.58" which indicate slight variation relative to free CO, geometric

parameters (1.177 A and 180°), respectively (see Figure 2-a, b).
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Figure 2. The isolated CO, molecule, a) before, and b) after adsorption, ¢) TaC (111) surface and d)

adsorption geometries of the involved structures in CO hydrogenation on TaC (111) surface.

The connection bond between HCOO and TaC (111) surface occurs through C—-O bond with a
length of 1.31 A and an adsorption energy of - eV. Both cis and trans configurations of COOH
got connected to the TaC surface via their C atom and have C—C bonds with lengths of 1.49 and
1.41 A, respectively. The c-COOH relaxes right on top of the C atom, meanwhile, t-COOH tends
toward the bridge position and its O atom makes a bond with Ta. The adsorption energies of c-
COOH and t-COOH are - eV and - eV, respectively. In HCOOH, the molecule prefers to
be adsorbed via its O atom forming an O—C bond with a length of 1.42 A and an adsorption energy
of - eV. Meanwhile, the process alters the lengths of two C—O bonds of HCOOH about a 5%

decrease in closer bond to the surface and a 7% rise in farther bond from the surface. HCO binds



to the surface through its carbon on the top of the C atom of TaC forming a C—C bond equal to
1.05 A within adsorption energy -4.168. In a similar fashion, the carbon atom of c-HCOH and t-
HCOH make bonds with the C atom of TaC (111) surface with C—C bond lengths of 1.38 and 1.39
A, respectively. However, the optimized positions are different such that the t-HCOH locates right
above the C atom of the surface with an adsorption energy of -4.806 while c-HCOH tends toward
a bridge position with energy equal to - eV. The HCOCH molecule adsorbs in three different
configurations, namely, cc-HOCOH, ct-HOCOH, and tt-HOCOH all making C—C bonds with
lengths of 1.38, 141 and 1.42 A and adsorption energies -4.806, -5.321, and - eV, respectively.
Both COH and CH2O adsorb on the C atom of the TaC surface releasing energies corresponding
to - and - eV, respectively. Furthermore, COH connects to the TaC surface through its C
atom forming a C—C bond (1.29 A), although CH,O prefers to make a C—O bond (1.38 A).

Table 1. The adsorption energies (E.is) and geometric details of the preferred adsorbed structures of all
intermediates during CO; hydrogenation on carbon-terminated TaC (111) surface. _
Star

symbol (*) indicates the existing bond between the intermediate and surface, while there is no symbol for

the bonds inside each intermediate during its adsorption on the catalyst surface.

Species Eads Bond length Species Eads Bond length
(eV) (A) (eV) (A)
on C-terminated on C-
TaC (111) terminated
TaC (111)
H -5.15, dmc=1.09 | t-HCOH -6.31, d'cc=
-3.92[52], -6.342[14], 1.39,
-5.130[14], -5.35[63] doc =131
-3.52[63]
C B d'cc=136 ce- 059 | dcc=139,
-11.757[14], HOCOH | -4.824[14] doc=133
-7.61[63]
H.0 B d'oc=151, ct- 532, 07 | dcc=141,
-0.997[15], dio=1.00 | HOCOH | -5302[14] doc=132
-1.33[64],
-1.226[14]
OH B d'co=13l, tt- -5.60, 085 |dcc=142
-5.304[14], dio=099 | HOCOH | -5.561[14] doc=1.31
-5.52[63],
-5.427[15]
CH B d'cc=1.28, COH -6.83, 023 |dcc=129,
-9.442[14], -7.347[14), doc=1.28
-7.29[63], -4.88[63]
-7.404[15]
co -3.93, -0.23 d’cc=132, | CHO -0.33 doc=
-4.008[14], doc=1.16 -1.908[14] 1.38,
-2.48[63] -2.63[63] doc=1.28
CO» -1.90 dco=1.177 | CH:.OH 075 | dcc=151,
-0.358[14], -4.219[14], do-c = 1.40
-0.27[64] -3.293[15],




-3.09[63]
HCOO 348, -0.48 d'co=131 CH;O 064 |doc=128
-5.222[15] -4.52[63]
c- 411, -0.62 d'cc=149, | CH;OH 04 | doc=147
COO0 -4.155[141, doc=1.22, -1.614[14],
-4.105[15] doc=136 -0.72[63],
-0.959[15]
-COOH 4.13, 0.70 d'cc=141, CH: -0.61 d'cc=137
-4.408[14] d*om = 2.39, 7.418[14],
3.959[15] doc=127, -5.797[15],
doc=132 -5.81[63]
HCOOH 1.53, 071 d'co=142, CH; B00 | d'cc=1.50,
-1.539[14], doc=1.28, -4.528[14], dic=1.10
~1.642[15] doc=1.30 -3.58[63],
-3.721[15]
HCO 033 d'cc=150, CH4 -0.09 dic=1.10
4.214[14], doc=122 -0.161[14],
-3.74[63], -0.298[15],
-4.240[15] -0.17[63]
c- -0.46 d'cc=138,
HCO -6.232[14] doc=1.33

CH>OH rests on the C atom of the TaC surface with an adsorption energy of - eV and a C-C
bond length of 1.51 A. However, CH3;0 makes a O—C bond with a length of 1.28 A by releasing
an adsorption energy of - eV. The oxygen atom in CH30H tends to make an O—C bond with a
TaC surface equal to 1.47 A where the adsorption energy is - eV. The carbon atom in both
CH: and CH3 make a C—C bond on the TaC surface while in CHj3 the carbon is perfectly above the
C site of the TaC (111) surface. Here, the bond lengths are 1.37 and 1.50 A, and the corresponding
adsorption energies are - and - eV, respectively. The methane molecule (CH4) hovers on

the TaC surface with a minimum distance for its carbon of about 2.81 A with a low adsorption

energy of - eV.

The results of this section indicate that the studied intermediates of CO; hydrogenation on C-
terminated TaC (111) surface adsorb via their carbon atoms to the surface carbon atoms strongly
by releasing large energies. As Table 1 shows these findings are in agreement with the studies

where these intermediates adsorb on the Mo>C and NbC surfaces strongly by the formation of C—

C bonds [14. 63]. Table 1 also confirms that intermediates adsorb stronger on the C-terminated

3.3 Chemical Reactions

In the previous section, we explained the stable geometries of all intermediates involved in the

reaction networks. To follow our investigation, the reaction energies of all intermediates’



hydrogenations on C-terminated TaC (111) surface are presented in Table 2._

The initial step of CO> hydrogenation is either the formation of the formate (HCOO®) via CO," +
H" — HCOO" or the carboxyl species (t-COOH" and/or c-COOH") through CO," + H" — (c,t)-
COOH reaction formula. The former is characterized as an endothermic process with - eV and
the latter contains the formation of t-COOH" with endothermic energy of - eV and c-COOH"
which is also an endothermic reaction with - eV energy. Further hydrogenation of HCOO"
brings about the formation of formic acid (HCOOH) through HCOO" + H* — HCOOH" reaction
formula with an endothermic energy of - eV. HCOOH" could also be produced from carboxyl
species where, c-COOH" and t-COOH" react with H via c,t-COOH" + H* — HCOOH" reactions.
Both reactions are characterized as an endothermic process with corresponding energy of - and
- eV for cis and trans conformers, respectively. From reaction energies, it is clear that the
formation of HCOOH" via formate is more feasible than that of c¢,t-COOH" intermediates.
Subsequent hydrogenation of c-COOH and t-COOH lead to the generation of dihydroxycarbene
species (cc-HOCOH", ct-HOCOH", and tt-HOCOH"). In which, the formation of tt-HOCOH" (t-
COOH" + H" — tt-HOCOH") and ct-HOCOH" (c-COOH" + H* — ct-HOCOH") are exothermic
processes with energies of H0:22 and F0.08 eV, while t-COOH" + H* — ct-HOCOH reaction is
endothermic with corresponding energy of - eV. Moreover, the calculated energies show that
the transformation of (cc,ct)-HOCOH" to tt-HOCOH" is exothermic with reaction energies of -
- eV and - eV for cc-cHOCOH" and ct-HOCOH" species, respectively. As a result, there are
two paths including either from HCOOH" or from HOCOH" intermediate which one can follow
for CO; hydrogenation to HCOOH, CO, CH>0O, CH30OH, and CH4 on the TaC (111) surface. In the
following, these reaction paths have been presented in detail, and also, the reaction profiles and
corresponding energy values of different routes for CO; hydrogenation of intermediates are

depicted in Figure 3.
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Figure 3. Reaction profile for CO; and subsequent hydrogenation of intermediates to HCOOH, CO,
CH-0, CH3;0H, and CH, via a) HCOOH and b) HOCOH on the TaC (111) surface.

Table 2. The possible reactions and their corresponding energies (AE) in the hydrogenation of

intermediates to form CO, HCOOH, CH,O, CH30OH and CH4.-reaction-(AE) -

on C-
terminated
TaC (111)

Elementary Reactions

on C-
terminated
TaC (111)

Elementary Reactions

COz(g) — CO"

¢-COOH" + H" — cc-HOCOH"

CO?" + H" — HCOO"

t-COOH" + H" — tt-HOCOH"

CO2* + H* — c-COOH*

¢-COOH" + H" — ct-HOCOH"

CO2* + H* — t-COOH*

t-COOH" + H* — ct-HOCOH"

¢c-COOH* — t-COOH*

cc-HOCOH" + H" — tt-HOCOH"

HCOO*+H* — HCOOH*

ct-HOCOH" + H* — tt-HOCOH"

LLEELL .
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¢-COOH" — CO" + OH" -2.71 0.70 tt-HOCOH" — COH" + OH" -0.05 -1.38
t-COOH" — CO" + OH" -2.57 0.78 ct-HOCOH" — COH" + OH" -0.33 -1.49
¢c-COOH" + H" — HCOOH" 1.87 0.72 cc-HOCOH" — COH" + OH" -1.08 -1.64
t-COOH" + H" — HCOOH" 2.01 0.80 COH" — CO"+H" -2.30 0.49
HCOOH" — HCO" + OH" -1.55 -1.61 COH" + H" — t-HCOH" 0.65 [ |
HCOOH" — HCOOH(g) 1.53 2.32 COH" + H" — ¢-HCOH" 0.98 0.59
HCO" + H" — t-HCOH" -0.09 [ | t-HCOH" + H* — CH.OH" 2.69 [ |
HCO" + H" — ¢-HCOH" 0.25 1.69 ¢-HCOH" + H* — CHOH" 2.35 0.52
HCO" — CO" + H" -3.04 1.59 CHOH" + H'— CH;OH" 1.95 1.42
CO" — CO(g) 3.93 0.26 CH:OH" — CH;" + OH" -2.07 -1.85
HCO" + H" — CH.0" 2.11 0.81 CH:" + H* — CH5" 1.78 0.43
CH20" — CH20(g) 1.84 2.83 CHs" + H* — CH4" 3.14 1.82
CH:0" + H* — CH:;0" -0.99 0.50 CH4" — CHu4(g) 0.11 0.24
CH:0" + H* — CH.OH" 0.50 1.40 CH;0H" — CH30H(g) 1.68 1.04
CH:O" + H* — CH;OH" 3.43 2.32 H.0" — H20(g) 1.23 0.90

3.3.1 Reaction Pathways of CO: to possible products through HCOOH

3.3.1.1 The reaction paths for the CO: hydrogenation to HCOOH

As discussed above, hydrogenation of CO; can result in either formation of HCOO" or t-COOH"

and/or c-COOH". Subsequent hydrogenation of these species yields an HCOOH product.

Therefore, there are three available paths one can follow to achieve HCOOH, a path through
HCOO" where, HCOO" obtains another hydrogen and forms HCOOH". The other two paths

contain the routes from t-COOH" or c-COOH" species. In the former, t-COOH" take hydrogen and

make HCOOH" with endothermic energy of 2,01 eV and the latter takes place through c,t-COOH"
+ H® — HCOOH" with 1.87 eV energy. Bearing in mind HCOOH" — HCOOH (g) reaction,

leading to HCOOH (g) is an endothermic process that requires [[.53 eV energy, indicating that

HCOOH" may not prefer to be desorbed from the surface.

12




3.3.1.2 The reaction paths for the CO: hydrogenation to CO via HCOOH

Decomposition of (t,c)-COOH" via reaction formula of (c,t)-COOH" — CO" + OH" result in the
production of CO which are exothermic reactions with energies of £22.71 and 2.57 eV for cis and

trans conformers, respectively. On the other side, HCOOH"

A way to get CH>O includes only a path through HCO", where, HCO" can accept hydrogen and
form CH,O". From Table 2, this reaction is endothermic and requires 2.11 eV energy to proceed.
Similar to HCOOH", producing CH,O (CH,O" — CH»O (g)) is an endothermic process with 1.84
eV energy indicating that the desorption of CH>O" from the surface may not thermodynamically

possible.
3.3.1.4 The reaction paths for the CO: hydrogenation to CH;0H via HCOOH

Besides CH>O", the hydrogenation of HCO" throughout HCO" + H* — (c,t)-HCOH" reaction,
yields the formation of (c,t)-HCOH" with energies of #0.09 and 0.25 eV for trans and sis
formations, respectively. It seems t-HCOH" is the preferred conformer due to its exothermic
reaction. Then (c,t)-HCOH" further reacts with hydrogen to form CH,OH" and both reactions are
distinguished as endothermic processes with energies of 2.69 and 2.35 eV within related t-HCOH"
+ H — CHOH" and c-HCOH® + H* — CHOH" reactions, respectively. Subsequent
hydrogenation of produced CH,OH" appears to make CH;OH" via CH,OH™ + H'— CH;O0H",
which is also an endothermic reaction with an energy of .95 eV. Therefore, The path to get
CH30H contains a way through either (c,t)-HCOH" or CH,O" which the former are explained
above. However, the latter reaction includes hydrogenation of formaldehyde intermediate where
CH>O" takes hydrogen to make either CH,OH" or CH30". Reaction CH,O" + H* — CH,OH" is
endothermic and requires 0.49 eV energy. Also, CH,O" + H" — CH30" could be known as an
exothermic process with 0.99 eV. Additional hydrogenation of CH,OH" or CH30" can create
CH3OH". Based on this, CH3OH" may be produced via CH,OH" + H* — CH3OH" with the reaction
energy of 1.95 eV or from CH30" + H" — CH3OH" with the reaction energy of 3.43 eV. Since this
process energetically is not feasible, one could conclude that the pathway to CH3OH™ product
follows from CH>OH" hydrogenation path rather than CH30" one. As CH3;OH" — CH3O0H (g) is
endothermic with 1.68 eV energy. Then, the desorption of CH3OH" from the surface is not

expected.
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3.3.1.5 The reaction paths for the CO: hydrogenation to CH4via HCOOH

The route for CH4" formation involves the dissociation of CH,OH" via CH.OH" — CH," + OH"
releasing the energy of 22.07 eV leading to CH>" formation. Afterwards, successive hydrogenations
of CH>" and CH3" produce CH3" and CH4" through reactions of CH," + H" — CH3" and CH;" + H
— CHy4" with energies of [I.78 and 8.14 eV, respectively.

3.3.2 Reaction Pathways of CO: to possible products through HOCOH

As mentioned before, there are two paths to reach CO, CH30H, and other final products. In these
following sections, we consider a route through HOCOH:+ intermediates, where HOCOH" is
produced by hydrogenation of ¢,t-COOH" via (c,t)-COOH" + H" — (ct, cc, tt)-HOCOH".
Comparing the conversion energies of cc- HOCOH to tt- HOCOH™ (cc-HOCOH" — tt-HOCOH")
(<0.28 eV) and ct- HOCOH" to tt- HOCOH" (ct-HOCOH" — tt-HOCOH") (E1.08 eV), offers that
the tt-HOCOH" is preferable conformer. Therefore, the path to get possible products more likely
involves the tt-HOCOH" intermediate.

3.3.200000000.1 The reaction paths for the CO: hydrogenation to CO via HOCOH

There are two paths for carbon mono oxide (CO) termination. The first route starts from (c,t)-
COOH" intermediates and continues via (c,t)-COOH" — CO" + OH" reaction by releasing
exothermic energies of =2.71 and =2.57 eV for cis and trans configurations, respectively. The
second way is disintegrating of HOCOH" conformers through (tt, ct, cc)-HOCOH" — COH" +
OH" reactions with energies of :0.05, =0.33, and =1.08 eV, correspondingly. Finally, further
decomposition of COH" via (COH" — CO" + H") within £2.30 eV energy leads to the production
of CO". As all the above-mentioned reactions are exothermic, CO" may be produced via all of

these routes.
3.3.2.2 The reaction paths for the CO: hydrogenation to CH;OH via HOCOH

Here, we start from the hydrogenation of COH" tracking the chemical path that ends up on CH;OH.
Mentioned hydrogenation leads to trans-HCOH" and cis-HCOH" configurations through COH" +
H* — t-HCOH" and COH" + H" — ¢-HCOH" with endothermic energies of 0.65 and 0.98 eV,
respectively. Once HCOH" conformers get another hydrogen, CHOH" is produced through (t,c)-
HCOH" + H" — CH,OH" reactions, where both are endothermic processes with 2,69 and 2.35 eV
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for tHCOH" and c-HCOH" conformers, respectively. Finally, further hydrogenation of CH,OH"
leads to the production of CH3OH". This reaction takes place via CHOH" + H* — CH30H" with
1.95 eV energy.

3.3.2.3 The reaction paths for the CO; hydrogenation to CH4via HOCOH

The path that reaching CH4" production, contains the dissociation of CH,OH" generating CH,"
intermediate (CH,OH" — CH," + OH"). This reaction seems feasible as characterized as an
exothermic process with 2,07 eV negative energy. Over the succeeding hydrogenations of CHy"
and CH;", CH4" will be produced via CH," + H* — CH3" and CH;" + H" — CHy" reactions with

1.78 and 3.14 eV reaction energies, respectively.
Conclusion

In this study, the energetics of the reaction networks of CO> hydrogenation on the C-terminated
TaC (111) surface were investigated. We have calculated the reaction energies of the elementary
steps of several intermediates’ hydrogenations towards the formation of CH.O, HCOOH, CO,
CHy4, and CH30H as products. From the energetic results in the previous sections, we can conclude
the preferred mechanisms leading to the predominant products from the studied compounds in this

work.

The investigated pathways in this study are considered to go through HCOOH or HOCOH.
According to our findings, the hydrogenation pathway via HOCOH is more favored energetically
and is more likely to happen. As it is clear from Figure 3, the preferred hydrogenation route starting
from CO; and ending to tt-HOCOH is less endothermic than the one ending with HCOOH, where
both go via t-COOH:

AE=-0.127 . AE=0.057 . AE=—0.218 .

CO2(g) CO; t-COOH —— tt-HOCOH" (2)
AE=-0.127 . AE=0.057 . AE=2.010 .

CO2 (g) CO. t-COOH —— HCOOH' 3)

Therefore, the suggested pathway for all products starts with the reaction (1). Since according to
Figure 3, all the routes over C-terminated TaC (111) are endothermic mechanisms for product
generation, we choose the less endothermic routes as the energetic-preferred pathway for each

possible product. The pathway with total endothermic energy of 1:29 eV is the least endothermic
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CO; hydrogenation mechanism to CO as the first possible product:

AE=-0.127 . AE=0.057 -0.218 AE=-0.053
CO2 (g) CO; t-COOH" —> tt-HOCOH" ———

. AE=-2302 _  AE=3.932

OH CO CO (2) “4)

Q

CHs is the second product of CO> hydrogenation over C-terminated TaC (111) surface that needs
the total endothermic reaction energy of - eV to be formed and released from the surface

(Figure 3) with the preferred route:

AE=-0.127 . AE=0.057 . AE=-0.218 . AE==0.053
CO2 (g) CO, t-COOH —— tt-HOCOH
« AE=0.647 =2.689 =-2.067 . AE=1.778
COH" —— t-HCOH" 2Emzen CH zOH CH:
AE=3.145 AE=0.108
CH;* —— CHs" ——— CHa () 5)

The third mechanism, needing energy of - eV, results in CH30OH formation, shown in Figure

bl

AE=-0.127 . AE=0.057 -0.218 AE=-0.053
CO2 (g) CO; t-COOH" il t-HOCOH® ———

.« AE=0.647 . AE=2.689 . AE=1.952 . AE=1.682
COH —— t-HCOH — CH.OH — CH;0H —— CH;30H (g) (6)
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From these results, we can see that the main products of CO and CH4 are produced via the tt-
HOCOH route, where the highest exothermic energy of - eV and endothermic reaction energy
of 269 eV belong to the dehydrogenation of COH* to CO* and hydrogenation of t-HCOH® to
CH,OH’, respectively.

This study's findings assist in understanding the energetics of some elementary reactions in CO-
hydrogenation on C-terminated TaC (111) surfaces and the development of transition metal
carbides as effective experimental catalysts in the field of CO2 hydrogenation. There is still a need

to investigate CO> hydrogenation mechanisms towards other hydrocarbon productions.
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