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ABSTRACT. Transition metal dichalcogenides (TMDs) have shown promising electrocatalytic
performance for CO:2 reduction (CO2R) recently. However, the development of efficient and
selective catalysts remains a major challenge. While recent studies have suggested the importance
of activation energies as activity descriptors for CO2R beyond CO, the scaling of intermediate

binding energies present a first step in computational catalyst screening. Here, we investigate the



basal vacancy on 2H and 1T/1T” phase group V, VI and X TMDs for CO2 reduction. We find that
the change of oxophicility and carbophilicity on each group of TMDs follow different trends,
which leads to different scaling relations amongst key intermediates. Our thermochemical analysis
also suggests Group V and VI TMDs to be either selective for hydrogen evolution reaction (HER)
or prone to OH poisoning. However, the initial analysis suggests group X TMDs to be possible
candidates for active and selective COz2 reduction without suffering from OH poisoning, which
motivates further theoretical kinetic studies. We furthermore find that their reaction energetics

can be tuned by the density of the basal vacancies.

Introduction

Electrochemical reduction of CO2 to value-added organic molecules has attracted intensive
attention as a potential way to mitigate the energy and environmental crisis. Recently, transition
metal dichalcogenides (TMDs) have been suggested to be electrochemically active for CO:2
reduction (CO2RR)1-4. Asadi et al. reported CO2 to CO on group VI TM sulfides and selenides
with a selectivity of 24% at a low overpotential of 54 millivolts:; Liu et al. found that MoTe2 can
electrochemically reduce CO2 to CH4 with a selectivity of 84% at -1.0 Vrre at relatively high
current densitys; Xu et al. found that the selectivity can be tuned by alloying Se with MoS2 to
form MoSSe, which can boost the reduction of CO2 to syngasa. The active sites of TMDs have
been suggested to be the edge sites2;s which can be easily doped with transition metalsi,4. Abbasi
et al. found that Nb doped MoS: can promote CO2 reduction to CO whereas the Ta doping shows
negative effectse. To suppress hydrogen evolution (HER), all these measurements were conducted
in 1-ethyl- 3-methylimidazolium tetrafluoroborate (EMIM-BF4), which has been suggested to bind

CO2 and lower the overpotentialz for CO2RR, to exert a field-induced stabilization of the



intermediatess or to provide a source of protons for transfere. On the other hand, EMIM- cations
have been shown to degrade under the reaction condition which can affect the measured CO2RR

product distribution and therefore necessitates the use of isotope labelling.10

To deconvolute the effect of the ionic liquid from the intrinsic activity of these catalysts, a
combined experimental and theoretical study in aqueous conditioni1 on nine TM phosphides and
five TMDs was performed. In all the ionic compounds considered, the predominant product was
found to be Hz2. The selectivity towards H2 was investigated computationally and found to either
arise from low thermodynamic limiting potentials for HER relative to CO2RR or, in the case of
the TMDs, to arise from poor scaling of the critical H-CO transition state from proton-electron

transfer to CO.

The activity of the basal planes of TMDs has, to date, been unexplored for its potential for
CO2RR. Although the density of sites on the basal plane are high, there are generally inert.
However, Tsai et al. showed that the basal plane of TMDs can be activated for HER by creating
chalcogen vacanciesi2,13, and the binding energy of the intermediates can be tuned by the density
of the chalcogen vacancy and in-plane strain which change the number of gap states and density
of states near fermi level. This presents a potential method for tuning the activity and selectivity
of TMDs for CO2RR. On the other hand, because the vacancy of the TMDs expose three low-
coordinated TM atoms, the interaction with the adsorbates may differ from those at the edge sites
and result in new scaling relations amongst binding energies. Currently, only the basal plane

vacancies of group VI TMDs in the 2H phase (figure 1) have been investigated for HER.

In this work, we perform an initial thermochemical screening of the 2H and 1T/1T’ (figure

1) sulfides and selenides for CO2RR. We consider group V and VI sulfides in the 2H phase, and



group V, VI, and X in the 1T phase, since group X TMDs only exist in 1T phase. As in our
previous worksi4,15, we will focus on the scaling relations between the formation energies of the
intermediates (E(COOH*), E(CHO*) and E(CO¥)) in the first three key steps for CO2 reduction

(reaction (1-3)).

CO, + H* + e~ + x> COOH* (D)

COOH* + H*+ e~ —» CO*+ H,0 (2)

CO*+ H* 4+ e~ —» CHO* 3

We find that the scaling relations on TMDs are different from those on pure TMs and the
oxygen and carbon affinity play important role in forming different scaling relation among
different group TMDs. We also evaluate the thermochemistry for the competitive hydrogen
evolution reaction (HER) and the propensity for OH poisoning (See Supporting Information).
Overall, the thermochemical analysis suggests group X TMDs to be potential candidates for
efficient COz2 reduction with high selectivity and resistance to OH poisoning, which motivates
further detailed theoretical studies of their corresponding Kinetic barriers. Furthermore, we found

that the electrocatalytic performance can be tuned by increasing the density of basal vacancies.

Theoretical Methods

All calculations were carried out using density functional theory implemented in Quantum
Espresso with periodic boundary conditionsis, using plane-wave basis setsiz and ultrasoft
pseudopotentialsis, interfaced with the Atomic Simulation Environmentis. The Bayesian error
estimation exchange-correlation functional with van der Waals interactions (BEEF-vdW)20, which

is optimized for chemisorption energies and van der Waals interactions, was used with a plane-



wave cutoff of 500eV and a density cutoff of 5000 eV. A rectangular (4x4) supercell with a
vacuum of 11A was used for calculation. The Brillouin zone was sampled with a (2x2x1)
Monkhorst-pack grid K-points. All atoms were relaxed until the maximum force on the atoms is
smaller than 0.05 eV/ A. A dipole correction in the z direction was usedz1. The computational
hydrogen electrode22 was used to calculate the free energy of formation of the intermediates as in
previous worksi4,15. Solvent stabilizations of 0.25 eV, 0.1 eV, 0.1 eV and 0.25 eV were applied to

the binding energies of COOH*, CO*, CHO* and OH* respectively2s.

Fig. 1 shows the structure of the TMDs in both the 2H and 1T phases. In both cases, the
metal atoms are six-fold coordinated to the chalcogens. The difference between the two phases is
that the chalcogens are coordinated in a trigonal prismatic arrangement in the 2H phase and in an
octahedral arrangement in the 1T phase. In our investigations of the effect of defect densities on
group X TMD in the 1T phase (cf. Fig. 5), vacancies were removed following the order of the

number shown in the top schematic of the 1T phase.
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Figure 1. Structures of single layer transition metal dichalchogenides in 2H, 1T and 1T phase.
Green and yellow spheres stand for metal and chalcogen atoms. In our investigations of the
effect of defect densities on group X TMD (cf. Fig. 5), vacancies were removed following the
order of the number shown in the middle figure.



The group VI TMDs in the 1T phase undergoes a (1x2) reconstruction spontaneously to
the 1T’ phase. In this phase, the vertical distances between the rows of the transition metals
alternates between “a” and “b” as illustrated in Fig .12425. This reconstruction creates two
inequivalent chalcogen vacancies marked S-1 and S-2 in Figure 1. Table S1 summarizes the
formation energies of the S-1 and S-2 vacancies on the group VI TMDs in the 1T’-phase.
Removing S-2 is always more facile, as it has larger bond distances to the coordinating transition
metal atoms than S-1, as illustrated in Fig. 1 (distance m > distance n). Thus, we only consider the
adsorption of the intermediates at the S-2 vacancy. We have considered various binding
configurations of the intermediates, and explore the scaling relations determined from the most

stable ones.

Results and Discussion

Scaling Relations

Figure 2(a) shows the scaling relations and the most stable structures of the intermediates COOH*,
CO*, and CHO™* adsorbed on the vacancy of all the TMDs (OH* and H* are shown in Figure S1).
Because the adsorbates bind with similar configurations within the same group of TMDs, the
structures for each group are exemplified by one compound: group V by VSz, group VI by MoS2
and group X by PtS2. *COOH adsorbs on the 2H-V1 and 1T-X TMDs in a top-bridge (C atop, O
on bridge) geometry, but on other TMDs in a top-top (C atop, O atop) geometry; CO* adsorbs on
2H-VI TMDs at the hollow site, on 1T-X TMDs at the bridge site and on other TMDs at the top
site; CHO™ adsorbs on the 2H-VI and TMDs with a bridge-top (C on bridge, O atop) geometry,
but on the 1T’-VI TMDs in the top-bridge (C atop, O on bridge) configuration, and on other TMDs

with a top-top geometry. E(COOH*) and E(CHO*) are known to scale well with E(CO*) on TM



surfaces. In contrast, Figures 2(b) and (c) show that TMDs show significant differences in scaling
amongst the different groups and phases. These differences do not arise solely from differences
in the adsorption structures of the intermediates. For example, the 2H-V, 1T-V and 1T-VI’ TMDs

show similar binding configurations for COOH* and CO*, but very different scaling lines.



Similarly, 2H-V and 1T-V TMDs show similar binding configurations for CHO* and CO* but

again different scaling lines.
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Figure 2, (a) Adsorption structures of the intermediates; scaling relation of E(COOH*)
and E(CHO*) with E(CO*). For clarity, only part of the data points are labeled in (b) and (c),
figures with full labels can be found in Figure S2. The vertical dashed lines indicate the E
(CO*) at which an isolated *CO is in equilibrium with 0.01 bar gaseous CO. The catalysts to
the right of the line tend to bind CO weakly and are expected to be selective for CO production.
The catalysts to the left may able to further reduce CO*.

The differences in the oxophilicity of the different groups and phases, on the other hand, can

be shown to contribute to the differences amongst the scaling lines. Since the COOH* are bonded



to the TM atoms via the C and O atoms, E(COOH¥*) scales with the binding energies of C- and O-

bound species, for example CO* and OH*:

E(COOH*) = aE(CO*) + BE(OH) + y (4)

For E(COOH*) and E(CHO*) to scale with E(CO*), E(OH*) must scale with E(CO*) as well:

E(CO*) = kE(OH®) + 2 (5)
E(COOH*) = (a + kB)E(CO™) + y' (6)
0.50 1 o 54y
® 2H-VI .
= 1T-V /)
0.00 1 w1T-V| 7
f‘i 1T-X o / .
— g g -
% -0.50 - va / -
O / / e o
o o/ /
/ a
-1.00 A °__/
o/
/ e
'1-50 U T T 1 T T T T T T T
-2.50 -1.50 -0.50 0.50
E(OH*)/eV

Figure 3. Scaling relation between E(CO*) with E(OH*). A figure with full labeling of all
points can be found in Figure S3

As shown in Figure 3, different E(CO*)-E(OH*) scaling lines form for each group TMDs.
From linear fits (R2 values in Table S2), E(CO*) scale well with E(OH*) except on the 2H-VI
TMDs, which is probably why they do not scale well with E(CCOOH*) on 2H-VI TMDs (Figure

2). Generally, E(OH*) do not scale with E(CO*) on TM surfaces2s,27, but they may scale within



the same class of material. For example, a good linear correlation has been found between E(O%)
and E(C*) on the Pd alloys2s. Therefore, it is since the oxophilicity and carbophilicity of the TMDs
vary with group and phase, the various groups and phases also show different E(COOH*)-E(CO¥*)
scaling relations. Along the same vein, scaling relations on the early transition metal carbides have
also been found to depart from the transition metal surfaces because they show different
oxophilicity/carbophicility from their parent transition metals2s. The departure was rationalized
with the adsorbate-surface valence configuration and the energy of the metal sp-states, rather than

metal d-states that govern the scaling relation of pure transition metals.

From the scaling relations in Figure 2(b) and (c), several materials can be potential candidates
for efficient COz2 reduction to CO and further CO reduction. From Figure 2(b), PtS2 and PdSez
may be more active than Au(211) for CO2 reduction to CO because they have lower E(COOH*)
than Au(211) but do not bind CO. According to Figure 2(c), PtSe2, and 2H phase Nb and Ta
dichalcogenides may have some potential to reduce CO further, since they bind CO stronger or
similarly to Cu but with significantly reduced CHO* energies. The transition state, however, must

be evaluated since it does not necessarily scale with the binding energy of CHO*11.
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Figure 4, Binding free energies at the basal vacancy of the 2H and 1T/1T° phase TMDs
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To consider the competition with HER and the propensity for OH poisoning, we show the
binding free energies of H* and OH* at 0.0 VrHE in Figure 4 (structures in Figure 2). 2H-MoSez,
1T’-MoS2, 1T-NbSe2, 1T-TaS2 and 1T-TaSe: are suggested to be efficient catalysts for HER since
the AG(H*) on them is close to thermoneutralso. On the other hand, AGo(OH*) on Nb, Ta
dichalcogenides (1T and 2H), Mo and W 1T’-dichalcogenides are lower than -1.0 eV, which
suggests that they may suffer from OH poisoning down to reducing potentials of -1V vs. RHE
(See Supporting Information). Therefore, among all the candidates, only the group X TMDs, and
in particular the PtS2 and PtSe2, are suggested by the thermochemical analysis to have potential to

be active and selective for CO2R and be resistant to OH poisoning.
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Figure 5(a) and (b): Scaling relations of group X TMDs with various densities of basal plane
vacancies. The labels show the number of vacancies removed in 4x4 cells. (c), The change in the
binding free energies of H and OH with the density of vacancies.

Finally, we investigate the effect of changing the density of basal vacancy on the scaling
relations on group X TMDs. As shown in Figure 5, the binding of the intermediates change slightly
with the density of vacancy on PdS2 and PdSez, but change significantly on PtS2 and PtSe2.
Therefore, PdSe2 remains a candidate for CO2R to CO, whereas PtS2 at a high vacancy density and

PtSe2 can bind CO and may be capable of reducing it further. Because CO* is formed via COOH*,

11



the thermodynamic limiting potential to form CO* will decrease with increasing densities of
vacancies; in addition, because the slope of the E(CHO*)-E(CO¥*) scaling is larger than 1 (Figure
5(b)), the thermodynamic limiting potential to form CHO* also decreases with increasing
density2s. Therefore, in the moderate CO binding regime, the activity of these materials is
suggested to increase with the density of the vacancy. Since the slopes of the scaling relations are
larger than those on TM(211) surfaces, and scaling lines lie below the TM(211) scaling lines, the
present analysis suggests the vacancy on Pt dichalcogenides to be more active than the TM(211)
surface, though the transition state should also be evaluatedi1. At the same time, the formation
energies of H* and OH* are less sensitive to the density of the vacancy (Figure 5(c)), so the
material should remain resistant to HER and OH poisoning. However, if the density of the vacancy
becomes too high, the material would strongly bind CO and be poisoned by it, as in the case of

strong binding metals for CO2RR.

Conclusions

In summary, we have investigated the basal vacancies group V, VI and X transition metal
dichalcogenides in 2H and 1T/1T” phases for electrochemical reduction of CO2 by exploring the
scaling relations of the key intermediates. Because of the difference in the oxygen affinity, the
scaling relations deviate from transition metal ones and also show variations amongst TMDs of
different groups and phases. Most of the TMDs were found to be either active for HER or prone
to OH poisoning. Only group X TMDs are suggested to be active and selective candidates for CO2
reduction without suffering from OH poisoning. Furthermore, our calculations suggest that the

performance can be improved and the selectivity and be tuned by increasing the density of basal

12



vacancy. This work motivates further theoretical study including transition states and associated

kinetics of the relevant intermediates and experimental testing of group X TMDs.
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