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Abstract 

Transition-metal dichalcogenides (TMDs) such as molybdenum disulfide (MoS2) are of significant 

current interest as inexpensive, earth-abundant catalysts for reactions such as electrochemical hydrogen 

evolution and CO2 reduction. While several high-throughput studies have focused on understanding the 

relative activities of various TMDs, including their multiple phases, the role of support effects on 

modulating adsorbate–TMD interactions is less well studied. Here, focusing on MoS2 as a model TMD, 

we employ density functional theory calculations to understand the interactions of monolayers of 2H, 1T, 

and 1T’ phases of MoS2 with three transition-metal (TM) supports—Au, Ag, and Cu. In particular, we 

study the interfacial energetics and charge-transfer interactions at monolayer MoS2/TM interfaces, and 

correlate these with the energetic stabilization of the metastable 1T and T’ phases. We also examine the 

role of Cu supports in modulating the interaction of the supported monolayers with adsorbates such as H 

and CO, whose adsorption free-energies can be considered as descriptors for hydrogen evolution and 

CO2 reduction reactions. While pristine basal planes of MoS2 are relatively unaffected by supports, 

vacancy-defects—well-known active sites in the MoS2 basal plane—can be profoundly affected, to the 

extent that catalyst poisoning becomes a distinct possibility. Our studies demonstrate that support effects 

ought to be taken into consideration when screening 2D TMD catalysts, especially in the presence of 

strong charge-transfer interactions as might be expected at interfaces between electrodes and TMD 

catalysts. 
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1. Introduction 

Electrocatalytic energy conversion, integrated with renewable power sources, is a promising approach 

for sustainable energy conversion and storage. Catalysts play a vital role in these electrochemical 

processes, in particular, for reducing the overpotentials and improving the selectivity of products. In 

recent studies, transition-metal dichalcogenides (TMDs) have been widely investigated as 

electrocatalysts due to their low cost, stability, and catalytic activities that are comparable to noble-

metals.1–6 In the context of sustainable energy conversion, MoS2—a well-known hydrodesulfurization 

catalyst7,8—has been studied extensively for the hydrogen evolution reaction (HER)8,9 and the CO2 

reduction reaction (CO2RR).10–12 MoS2 was suggested as an appealing catalyst for water-splitting13–15 

and CO2RR10 but it has yet to fulfil its promise in practical applications. 

CO2RR is a promising electrocatalytic reaction, due to its potential to mitigate rising CO2 levels in 

the atmosphere while generating hydrocarbons for a sustainable carbon-based economy. Theoretical 

work by Nørskov and coworkers has suggested that transition-metal (TM) doping can improve the 

CO2RR activity of MoS2.16 They have also shown that the linear scaling relationship in adsorption energy 

of intermediates – a bottleneck in CO2RR – can be broken on MoS2 edges, by binding CO* to dopant 

metal site and by covalent binding of other intermediates at chalcogen sites.16 Salehi-Khojin and 

coworkers have shown that Mo-terminated edges of MoS2 efficiently convert CO2 to CO in ionic 

liquids.10–12 Francis et. al observed propanol formation with MoS2 as electrocatalyst in CO2RR;17 they 

also showed that increasing density of edges resulted in lower propanol formation, indicating that the 

basal plane of MoS2 is active for propanol formation in CO2RR.17 However, the performance of these 

electrocatalysts for CO2RR are hindered by sluggish kinetics, multiple products accompanied by poor 

selectivity, and a strong competition with HER. In the context of HER, several recent studies have shown 

that MoS2 may contain excellent catalytic sites, which are competitive with Pt for electrocatalysis.18–23 

The major catalytic activity of MoS2 is observed from the edge sites while basal planes are inert towards 

HER. Hence, various studies have focused on increasing the density of edge sites for boosting catalytic 

activity.24–26 Yet, the overall performance of MoS2 based catalyst remains limited due to the relatively 

small fraction of active sites and lower electrical conductivity of semiconducting 2H phase of MoS2. 

Thus, synthesizing stable MoS2 based catalysts with a high number of active sites and improved electrical 

conductivity remains an ongoing challenge, especially for commercially-viable catalysts. 

The semimetallic 1T and 1T′ phases of MoS2 have attracted interest and shows superior catalytic 

activity for HER relative to the stable 2H phase.27–29 However, the main problem in employing the 1T or 

1T′ phases of MoS2 for catalysis is that these phases are metastable and easily converted to the less active 
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but more stable 2H phase.30 Studies have shown that the metastable, metallic phases can be stabilized 

with respect to the 2H phase by intercalating alkali metals in van der Waals gap of MoS2,31 adsorbing 

transition metal adatoms,32 or by creating chalcogen vacancy defects.33,34 Computational and 

experimental studies have pointed out that electron transfer is a key factor in stabilizing 1T/1T′ phases 

of TMDs over 2H phase.32,35,36 In recent work, Au@MoS2 core-shell nanoparticles were shown to act as 

better catalysts for HER than freestanding MoS2 (nanoflowers) and the origin of this enhanced activity 

was shown to arise due to electron transfer from the metallic Au core to the semiconducting 2H MoS2 

shell.37 Furthermore, a phase transition to 1T MoS2 was also reported for core-shell nanoparticles with 

semiconducting Cu2-xS as core and MoS2 as shell; the 1T phase was shown to form preferentially at Cu-

terminated faces of Cu2-xS whereas the S-terminated faces were covered in 2H MoS2 shells.38 A recent 

study of Ag@MoS2 core-shell nanoparticles has also shown that these hybrid structures display superior 

electrocatalytic activity over MoS2 nanosheets.39 Thus, it is intriguing to investigate how electron transfer 

from metallic supports (or cores) can in general modulate the catalytic properties of supported MoS2 

monolayers and possibly even stabilize the metastable 1T/1T′ phases over the 2H phase via a charge-

transfer induced phase transition.   

In this paper, we study and contrast the effect of Cu, Ag, and Au supports on the phase stability and 

catalytic activity of monolayer MoS2. Figure 1 displays the work functions of (111) and (100) surfaces 

of these transition metals (TM) elements relative to the work functions of the 1T/1T′ phases and the band 

edges of the 2H phase. Based on these level alignments, the three chosen transition metals are expected 

to display charge-transfer interactions of varying strengths with the 1T and 1T′ phases, with very little 

charge transfer in the case of Au and maximum charge transfer in the case of Ag. The interaction between 

the transition metals and 2H MoS2 are expected to be generally weaker than with the 1T/1T′ phases but 

here, again, the hierarchy of interactions is expected to range from weakest for Au to strongest for Ag. 

Thus, with these three candidate transition-metal supports it is possible to systematically evaluate the 

influence of charge-transfer interactions on electron doping and potential phase transitions in supported 

MoS2 monolayers, as well as the implications for molecular adsorption on the supported MoS2 phases.  
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The remainder of this paper is organized as follows. In Section 2, we present details of the 

computational methods and simulation models. In Section 3, we discuss our findings on the 

thermodynamic stability and electronic structure of MoS2 phases on Au, Ag, and Cu supports, as well  

the energetics of H and CO adsorption on these phases with Cu supports. Concluding remarks are 

provided in Section 4. 

 

2. Computational Methods 
Density functional theory (DFT) calculations were performed using the Vienna Ab Initio Simulation 

Package (VASP).40,41 The core and valence electrons were described using the projector-augmented wave 

(PAW) method 42,43 and the Perdew-Burke-Ernzerhof (PBE) form 44 of the generalized-gradient 

approximation was used to describe electron exchange and correlation. The kinetic energy cutoff was set 

to 400 eV and a Gaussian smearing of 0.05 eV was used for Brillouin-zone integrations. Atomic positions 

were optimized using the conjugate-gradient method with a force tolerance of 0.01 eV/Å. The relaxed 

lattice parameters for single-layer 2H and 1T MoS2 phases were found to be 3.19 Å, and 3.16 Å, 

respectively; for the 1T′ phase the unit cell dimensions were found to be 5.72 Å × 3.17 Å. The calculated 

lattice parameters are in good agreement with previous studies.45,46 Bulk lattice parameters for transition 

 
Figure 1: Work functions of (111) and (100) surfaces of Au, Ag, and Cu, and monolayers of 1T and 1T′ 

phases of MoS2; the valence band maximum (VBM) and conduction band minimum (CBM) energies of  

monolayer 2H MoS2 are also indicated; all energies are relative to the vacuum level (zero). 
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metals (TM) Au, Ag, and Cu were calculated to be 4.16 Å, 4.16 Å, and 3.63 Å, respectively, and are also 

in good agreement with prior reports.47 

Models of MoS2 monolayers of various phases supported on transition-metal (TM) slabs (Figure 2) 

were generated using the CellMatch program;48 as MoS2 and the TM supports are not lattice matched, 

the supercells were chosen to minimize the mismatch strain in the MoS2 layer while keeping the number 

of atoms in the supercell tractable. The TM supports were modeled as slabs consisting of four layers in 

which atoms of the two bottommost layers were frozen at their bulk atomic positions. The upper two 

layers of the TM slab and the adsorbed MoS2 layer were fully relaxed in all calculations. To avoid 

spurious interactions between periodic images, at least 15 Å of vacuum was inserted normal to the slabs. 

Atomic positions and cell vectors of the optimized MoS2/TM supercells are provided in the Table S2. 

Typical distances between TM slabs and the bottommost layer of S atoms in MoS2 are between 2-3 Å. 

Dipole corrections were applied in all calculations along the direction normal to the slabs.49,50 The 

Brillouin zones of all MoS2/TM supercells were sampled using a 5×5×1 Γ-centered k-point mesh. Bader 

analyses 51–53 were performed to calculate charge transfer between the TM-supports and the MoS2 

monolayers. 

All calculations of H and CO adsorption on isolated (unsupported) defect-free and defective 

monolayer MoS2 phases were performed using 4×4 supercells. For studying the adsorption of H and CO 

on freestanding and TM-supported MoS2, dispersion interactions were taken into account by applying 

 
Figure 2: (a) Side and (b) top views of a representative slab model displaying monolayer 2H-MoS2 on a Cu 

support. Blue, yellow, and grey spheres represent Cu, S, and Mo atoms, respectively.  
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Grimme’s PBE-D3 corrections.54 As a first approximation, similar to prior studies,16,55–57 we have 

neglected solvent effects and the overall conclusions are not expected to be altered qualitatively. 

Vibrational entropies, Svib, which are required for estimating adsorption free-energies of H and CO, 

are calculated by displacing the adsorbate atoms from their equilibrium positions by ±0.015	Å in all 

three Cartesian directions, and diagonalizing the mass-weighted Hessian matrix to obtain the vibrational 

frequencies 𝜔*. The vibrational entropy, Svib, may then be estimated as,58 

𝑆,*- = 𝑘0 ∑ 2− ln 61 − 𝑒8
ℏ:;
<=>? + ℏA; B=C⁄

E
ℏ:;
<=>	8	F

GH
*IF                                            (1)  

where kB is Boltzmann’s constant, T is the temperature (here, T=300K), 𝜔* is the vibrational frequency 

and N is the total number of vibrational modes. For gas-phase H2 and CO molecules, we used standard 

entropies from the NIST database.59 The vibrational frequencies were also used to calculate the zero-

point energies of adsorbed and gas-phase species, defined as  𝐸ZPE =	∑ ℏ𝜔*/2* . Differences between 

adsorbed and gas-phase entropies and zero-point energies can then be used to calculate the ∆𝑆 and ∆𝐸ZPE 

terms required for estimating the Gibbs free-energies of adsorption (vide infra). 

 

3. Results and discussion 
3.1 Effect of TM Supports on MoS2 Phase Stability and Electronic Structure 

A monolayer of MoS2 is comprised of a layer of Mo atoms sandwiched between layers of S atoms. 2H 

MoS2 has a trigonal prismatic structure (space group 𝑃6P𝑚2) and the crystal field of the S atoms splits 

the 4d orbitals of Mo into three sets—in order of increasing energy—a1 (dz2), e׳ (dxy, dx2-y2), and e׳׳ (dyz, 

dxz).60 The dz2-orbital is doubly occupied while the remaining d orbitals are unoccupied. Thus, electron 

transfer to 2H MoS2 is energetically unfavourable, requiring the occupation of higher energy levels. On 

the other hand, the octahedral crystal field in 1T MoS2  (space group 𝑃3P𝑚1) splits the d orbitals into a 

lower energy t2g set (dxy, dyz, and dxz) and  a higher energy eg set (dz2 and dx2-y2).60 The t2g orbitals are only 

partially occupied and can accommodate another electron upon addition of charge. Thus, there is a 

thermodynamic driving force for a 2H-to-1T phase transition with electron doping as reported both 

experimentally and theoretically.31,32,61 It is also well known that the 1T phase can undergo a Peierls 

distortion to form a 1T′ phase of lower symmetry  (space group 𝑃2F/𝑚);62,63 the splitting of Mo d orbitals 

in 1T′ MoS2 is similar to that in 1T-MoS2. 64 Freestanding (isolated) monolayers of MoS2 are most stable 

in the semiconducting 2H form, while metallic 1T and 1T′ forms are less stable, per MoS2 formula unit 

(f.u.), by 0.83 eV/f.u. and 0.54 eV/f.u., respectively.46 Support interactions can potentially affect the 
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phase stability of MoS2 monolayers, while also modifying their electronic structure and catalytic activity; 

we consider these effects with Au, Ag, and Cu supports next.  

For each combination of MoS2 phase (2H, 1T, and 1T′) and TM support (Au, Ag, and Cu), we 

generated slab models with (111) and (100) surfaces facets for the support; these are the lowest energy 

surfaces for fcc metals. Furthermore to rule out, at least qualitatively, spurious effects from mismatch 

strains, we considered two levels of strain (Model 1 and Model 2; see Table S1 and Figure S1) for the 

MoS2/TM(111) cases. Here, we report only on the results for Model 1 with the results for Model 2, being 

qualitatively similar, relegated to the SI. Given the computational cost of these large slab models, and 

informed by the results of the MoS2/TM(111) cases wherein trends in interfacial energetics are consistent 

between the two sets of models, we only consider one set of models for the MoS2/TM(100) cases. We 

 
Figure 3: (a, b) Interface energies, Eint, per unit area for monolayer MoS2/TM(111) and MoS2/TM(100) 

interfaces. (c, d) Charge (in electrons, e-) transferred from TM slab to monolayer MoS2 per formula unit (f.u.), 

Δ𝑞CU→UWXY, at  MoS2/TM(111) and MoS2/TM(100) interfaces. (e, f) Formation energies relative to a 

freestanding 2H-MoS2 monolayer, Erfe, for MoS2 phases supported on TM(111) and TM(100) surfaces; blue 

and green dotted lines represent Erfe for freestanding 1T and 1T′ monolayers of MoS2. 
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assess the stability of MoS2/TM interfaces by calculating the interface energy per unit area, Eint, defined 

as  

𝐸*Z[ =
F

\]^_`
a𝐸UWXY/CU − 𝐸CU − 𝐸UWXYb, (1) 

where  𝐸UWXY/CU is the total (DFT) energy of the MoS2/TM composite slab, 𝐸CU is the energy of the TM 

slab alone, 𝐸UWXY is the energy of the isolated MoS2 monolayer, and Aslab is the surface area of the slab. 

As defined, negative values of Eint correspond to the formation of stable interfaces. Eint is independent of 

the number of atoms in the system and/or the interface area, thus allowing for a direct comparison 

between the various supercells.  

Figure 3(a) and Figure 3 (b) display the energies of the interfaces (Eint) that are formed upon 

supporting the three different phases of MoS2 on TM(111) and TM(100) surfaces. In all cases, the 

interfaces energies are negative, indicating the formation of stable interfaces between MoS2 and TM 

supports. In particular, a few key trends are evident from these data. First, the interface energies for a 

particular set of facets—(111) or (100)— and particular phase of MoS2 increase in the order 𝐸*Z[\c <

𝐸*Z[
\e < 𝐸*Z[fc . This increased energetic stabilization in, going from Au to Ag to Cu, can be understood by 

noting that the surface energies, g,  of either the (111) or (100) set of facets are ordered as 𝛾\c ≈ 𝛾\e <

𝛾fc; thus, at the simplest level of analysis, the formation of a more stable interface may be interpreted as 

the outcome of passivating a higher energy TM facet with a layer of MoS2. The stronger interaction 

between the MoS2 layers and higher energy facets is also reflected in the higher degree of charge transfer 

from the support to MoS2, as calculated from a Bader analysis and reported in Fig. 3 (c) and  Fig. 3(d). 

Second, for a particular phase of MoS2, the interface formation energy is more negative for 

MoS2/TM(100) interfaces than for MoS2/TM(111) interfaces. This observation can again be explained 

by the fact that (100) facets of Au, Ag, and Cu, have higher surface energies than their (111) counterparts 

and thus, passivation by a MoS2 layer has a stronger stabilizing effect on the (100) facets. The stronger 

interaction between MoS2 and TM(100) facets, relative to TM(111) facets, is also reflected in the greater 

charge transfer between the support and MoS2 in the former case [Fig. 3(c) and Fig. 3(d)]. Third, for 

every case of TM support and facet, the 2H-MoS2/TM interfaces are the least stable followed by 1T-

MoS2/TM and 1T′-MoS2/TM interfaces. This result is readily explained by the fact that the 2H phase is 

semiconducting, with no electronic states at the Fermi level that can interact strongly with supports, 

leading to a relatively inert basal plane. Specifically, from Figure 4, we see that the electronic density of 

states (DOS) of 2H-MoS2 is only weakly perturbed upon adsorption on to a TM surface, supporting a 

picture of a charge-transfer dominated interaction rather than chemisorption. On the other hand, the 1T 

and 1T′ phases are metallic, with non-zero density of states at the Fermi level, and can thus interact more 
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strongly with the TM supports. This stronger interaction is clearly seen in the DOS plots of Figure 4 

wherein we see both qualitative and quantitative changes in the DOS of the 1T and 1T′ MoS2 monolayers 

upon adsorption on TM supports. In all cases studied here, we find that the interfacial stabilization is 

highest (more negative Eint) for 1T′-MoS2/TM interfaces. Stronger interaction between metallic MoS2 

with TM supports is also reflected in shorter distances between MoS2 and TM surfaces, for 1T and 1T′ 

phases with respect to 2H phase. Interestingly, we also observed that 1T phase undergoes a structural 

transformation to the 1T′ phase on interaction with TM supports. 

The interface energy provides one metric of stability, assessing the thermodynamic feasibility of 

formation of the MoS2/TM interface starting from the two separated constituents. However, we would 

also like to understand the thermodynamic phase preference of MoS2 in the presence of a support: in 

other words, can relative ordering of unsupported phases be altered via strong interactions with a support? 

To this end, we quantify the relative stabilities of the supported phases of MoS2 by calculating the relative 

formation energy per formula unit, Erfe, defined as 

𝐸ijE =
F

ZklmY
a𝐸UWXY/CU − 𝐸CU − 𝑛UWXY𝐸op8UWXYb, (2) 

where 𝑛UWXY is the number of MoS2 formula units in the supercell and 𝐸op8UWXY is the energy of a single 

formula unit of a freestanding 2H-MoS2 monolayer (at 0% strain), which is the ground state of an isolated 

monolayer. Figure 3(e) and Figure 3(f) display Erfe for the various phases on MoS2 adsorbed on TM(111) 

and TM(100) surfaces; the same data are reported in and Table 1 as the relative formation energy 

referenced to the 2H phase, ΔErfe. In all cases, we find that the 2H phase remains the thermodynamic 

ground state; even though the 1T and 1T′ phases undergo significant stabilization in the presence of 

supports, these phases are still metastable. Here again, we find that Cu—the support that interacts most 

strongly with MoS2—exerts the greatest stabilizing effect on all phases. Interestingly, the 1T′ phase 

 

Table 1: Relative formation energy referenced to the 2H phase, ΔErfe, per formula unit (eV/f.u.) of 1T and 1T′ 

MoS2. ΔErfe for freestanding MoS2 is calculated as, ΔErfe = E (1T/1T′ MoS2) – E (2H MoS2); for MoS2/TM 

slabs this is calculated as ΔErfe = Erfe (1T/1T′ MoS2/TM) – Erfe (2H MoS2/TM). 

 
ΔErfe 
(eV/f.u.) 

Freestanding MoS2/Cu MoS2/Au  MoS2/Ag 

(111) (100) (111) (100) (111) (100) 

1T 0.83 0.43 0.36 0.63 0.51 0.39 0.48 

1T′ 0.54 0.23 0.26 0.50 0.40 0.31 0.35 
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becomes nearly thermodynamically stable on Cu(111) and Cu(100) surfaces, suggesting that this 

metastable phase might be easier to realize on supports than in freestanding nanostructures (e.g., 

nanoflowers); moreover, the energy difference between the supported 1T′ and 2H phases is now smaller 

(~0.3 eV/f.u.) than in the unsupported state (0.58 eV/f.u.), which should reduce the driving force for the 

undesirable 1T′-to-2H phase transition. Nevertheless, we reiterate that the extent of charge transfer in all 

of these cases is insufficient to induce a semiconductor-to-metal transition; while one could conceivably 

employ metals supports with higher work functions, these supports will likely be sufficiently reactive 

that the interfaces are already oxidized and/or sulfidized38 prior to adsorption of MoS2. 

In summary, our thermodynamic and electronic structure calculations indicate that, of the various 

TM supports (Au, Ag, Cu) studied here, Cu is the most promising candidate for electron doping of MoS2. 

Au is essentially inert and interacts only weakly with the MoS2 layers. Interestingly, while Ag has the 

lowest work function among the three metals, the overall interaction (charge transfer and interface 

stabilization) is intermediate between Cu and Au, indicating that interactions at the MoS2 support 

interface are more complex beyond a simple charge-transfer picture as initially hypothesized.  For the 

remainder of the paper, we focus on the interaction of adsorbates with Cu-supported MoS2 phases 

wherein we expect to find maximum modulation of electronic properties of the MoS2 layer by the TM 

support. Due to the computational cost of these models we restrict our attention to Cu(111) supports; 

results for the Cu(100) supports as expected to be qualitatively similar based on similar trends in the  

charge-transfer interactions [Fig. 3(c) and Fig. 3(d)].  
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Figure 4: Density of states (DOS) per formula unit of MoS2 for freestanding and TM supported monolayer-

MoS2. Total DOS (blue curve) for TM-supported slabs are decomposed into TM (red curve) and MoS2 (green 

curve) contributions. Each column corresponds to a single phase while each row corresponds to a particular 

support (or lack thereof). The dashed line in each plot represents the Fermi level; the vacuum level, Evac, is 

chosen as the zero of the energy scale. 
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3.2 Support Effects in CO- and H-Adsorption on MoS2 Basal Planes 

As noted previously, MoS2 and similar TMDCs are being studied extensively for electrocatalytic 

CO2RR10–12,16 and HER.1,6,28 While the pathways for CO2RR can be quite complex—especially for the 

formation of higher hydrocarbons—in the case of C1 products, CO is a key reaction intermediate for 

CO2RR.65 In particular, CO gas can be a major product of CO2RR if CO desorbs easily from the catalyst 

surface; on the other hand, if CO is strongly bound by the catalyst, then it can be further reduced to form 

hydrocarbons.16,57 In aqueous conditions, HER competes with CO2RR—usually for the same active 

site—and thus it is also necessary to understand this side reaction in relation to CO2RR. Here, we focus 

on understanding and comparing the adsorption of CO and H on various MoS2 phases, considering both 

pristine basal planes and defective basal planes containing S vacancies. For now, we seek to understand 

the influence of support effects on molecular adsorption, using Cu(111) as a model support; we defer the 

study of MoS2 edge sites to future work as there is the potential for complex bifunctional effects involving 

both MoS2 as well as the support atoms, especially for supports such as Ag and Cu that are known to be 

active for CO2RR.66–71 

 

 

 
  

Figure 5: Freestanding MoS2 monolayers with adsorbates: (a) CO on 2H MoS2, (b) CO on 1T′ MoS2, (c) H 

on 2H MoS2, and (d) H on 1T′ MoS2; Cu-supported MoS2 monolayers with adsorbates: (e) CO on 2H MoS2/Cu, 

(f)  CO on 1T′ MoS2/Cu, (g) H on 2H MoS2/Cu, and (h) H on 1T′ MoS2/Cu; Brown, red, yellow, cyan, blue, 

and green spheres represent C, O, S, Mo, Cu, and H atoms, respectively. 
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3.2.1 Adsorption on Basal Planes of Unsupported and Cu-Supported MoS2  

It is well known that the (pristine) basal plane of semiconducting 2H-MoS2 is relatively inert towards 

adsorbates; metallic phases are much more active and are known to be good electrocatalysts for HER, in 

particular.72,73 In Figure 5, we display the optimized atomic structures for H and CO adsorbed on 

freestanding and Cu-supported 2H and 1T′ MoS2.  In our DFT calculations of both CO and H adsorption, 

we find that the 1T phase, being the most thermodynamically unfavorable phase, undergoes a 

spontaneous adsorbate-induced phase transition to the lower energy 1T′ phase. Similar results have been 

noted in a previous DFT study.74 Thus, adsorption on the 1T phase cannot be reported. The Gibbs free-

energy of CO or H adsorption, ∆𝐺rst (ads = CO or H) is calculated as   

∆𝐺rst = [𝐸tvr-wrst − 𝐸tvr- − 𝐸rst + ∆𝐸xyz + 𝑇∆𝑆], (3) 

where Eslab+ads is the DFT energy of the composite system composed of CO or H adsorbed on freestanding 

or Cu-supported MoS2; Eslab is the energy of freestanding or Cu-supported MoS2; Eads is the energy of a 

CO molecule or half the energy of an H2 molecule, both in their reference gas phases; and ΔEZPE and ΔS 

are the differences of zero-point energies and entropies of CO or H between their adsorbed and reference 

states. ΔEZPE + TΔS (at T=300K) is calculated as 0.25 eV, for H adsorption at the basal plane of 2H- and 

1T’-MoS2, while ΔEZPE + TΔS (at T=300K) for CO adsorption on the basal plane of 2H- and 1T’-MoS2 

are found to be 0.65 eV and 0.69 eV, respectively. We take these values of ΔEZPE + TΔS as representative 

for TM-supported MoS2. The calculated adsorption free energies are displayed in Figure 6(a). 

While the interaction of CO with 2H-MoS2 is expected to be weak—CO is a closed shell molecule 

and the frontier orbitals of  2H-MoS2 are also completely filled—interestingly, we find that the interaction 

with the metallic 1T′ phase is just as weak. On unsupported 2H- and 1T′-MoS2, the CO molecule is 

physisorbed at nearly 3.5 Å from the sulfur plane (Fig. 5) with ΔGCO of approximately 0.5 eV. This 

physisorbed state of CO is also observed on Cu-supported 2H- and 1T′-MoS2 (Fig. 5) indicating that the 

charge transfer from Cu to MoS2 has little to no effect on this adsorption process. The case of H 

adsorption is, however, quite different. On both unsupported and Cu-supported phases of 2H-MoS2, H is 

chemisorbed but the thermodynamics is extremely unfavorable with ΔGH = 1.88 eV on the unsupported 

monolayer and ΔGH = 1.71 eV on the Cu-supported layer (Fig. 6). The slight decrease in ΔGH  by ~0.1 

eV on the Cu-supported  2H phase is due to emergence of electronic states near the Fermi level as 

observed in Figure 4(d) and is comparable to our previous report for 2H-MoS2 on Au supports,37 with 

only a marginal improvement in thermodynamics due to the higher degree of charge transfer from Cu as 

compared to Au. On the 1T′ phase, however, the thermodynamics for H adsorption become quite 

favorable with a ΔGH of 0.04 eV for an unsupported monolayer and 0.17 eV for the Cu-supported 

monolayer; note that these free energies approach the ideal value of ΔGH ≈ 0 (Sabatier principle 54) for 
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HER in the low overpotential range. It is interesting that the support now has a detrimental effect on the 

catalytic activity of the 1T′ phase as it reduces the propensity for H adsorption relative to the unsupported 

phase. This is an important observation as theoretical studies of 2D catalysts (especially high-throughput 

studies) tend to focus on unsupported layers for rational catalyst design whereas, in practice, support 

effects, as seen here, could introduce significant uncertainties in these predictions. 

In summary, the basal plane of pristine 2H-MoS2—supported or otherwise—is unsuited for CO2RR 

and HER. The basal plane of 1T′ MoS2, on the other hand is already well suited for HER without any 

further electron doping from the Cu support, which only has a detrimental effect; CO2RR is not viable 

though with or without electron doping from the Cu support. 

   

3.2.2 Adsorption at Basal-Plane Sulfur Vacancies in Unsupported and Cu-Supported MoS2 

Although basal planes of MoS2 are relatively chemically inert, S vacancies are well known to be 

catalytically active.55,75,76 In addition to preexisting S vacancies,  electrochemical desulfurization can also 

occur in working MoS2 electrodes, further activating the basal planes of TMDs, for example, towards 

HER.55,75 A recent computational study has also shown that basal plane vacancies in Group X TMDs are 

highly active and selective towards CO2RR.77 Here, we seek to understand how interactions between 2H 

and 1T′ MoS2 monolayers with Cu supports affects the catalytic behavior of basal-plane S vacancies.  

Figure 7 displays optimized configurations of CO and H adsorbed at S vacancies in unsupported and 

Cu-supported 2H and 1T′ MoS2 monolayers. As seen from the adsorption free-energies in Figure 6, both 

CO and H adsorption are thermodynamically favorable at S vacancies. Focusing on CO adsorption, there 

 
 
Figure 6: Free-energies of (a) CO adsorption (ΔGCO) and (b) H adsorption (ΔGH) on 2H and 1T′ phases of 

pristine MoS2 monolayers and monolayers with a S vacancy(MoS2-V). When multiple stable adsorption sites 

exist, only the lowest adsorption free-energy (most stable adsorption configuration) is reported here. 
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is little to no difference in ΔGCO at the S vacancy in unsupported 2H and 1T′ monolayers. In the presence 

of the Cu support, ΔGCO is relatively unaltered for the 1T′ phase but there is a significant increase in 

binding strength (ΔGCO = -1.21 eV) for the 2H phase such that the S vacancy site will most likely be 

poisoned. This significant enhancement in CO binding occurs due to the emergence of new electronic 

states in MoS2 near the Fermi level, arising from the interaction with the Cu support [Fig. S2(b)]. For 

completeness, we also tested CO adsorption at the S vacancy on Ag and Au supported monolayers and 

found ΔGCO values of -1.02 eV and -1.05 eV, respectively.  While a more comprehensive study of 

multiple supports, 2D materials, and adsorbates is deferred to future work, the current results already 

indicate that metal supports (or electrodes) are likely to play a significant role in the performance of 

TMDC electrocatalysts. In the case of H adsorption, the S vacancy site in the 2H phase is marginally 

unstable for HER and becomes thermodynamically stable (slightly negative ΔGH) via interactions with 

the Cu support. In the case of the 1T′ phase, H adsorption is already favored (ΔGH ~ -0.5 eV) in the 

unsupported case and is not altered any further by the Cu support. This is explained by the density of 

states [Fig. S2(c) and Fig.S2(d)], which shows no significant change near the Fermi level with or without 

the Cu support; in other words, 1T′ phase, being metallic, most likely screens out any charge-transfer 

dipoles at the 1T′-MoS2/Cu interface. 

 
  

Figure 7: Freestanding MoS2 containing a S-vacancy with adsorbates: (a) CO on 2H MoS2; (b) CO on 1T′ 

MoS2; (c) H on 2H MoS2; (d) H on 1T′ MoS2 is shown; Cu-supported MoS2 slabs containing a S-vacancy with 

adsorbates: (e) CO on 2H MoS2/Cu; (f)  CO on 1T′ MoS2/Cu; (g) H on 2H MoS2/Cu; (h) H on 1T′ MoS2/Cu 

is shown. Brown, red, yellow, cyan, blue, and green spheres represent C, O, S, Mo, Cu, and H atoms, 

respectively. 
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In summary, we conclude that S vacancies in the 1T′ basal plane are relatively unaffected by the Cu 

support, and tend to overbind both CO and H. S vacancies in unsupported 2H-MoS2 overbind CO but are 

almost ideal for HER. The Cu support effect is highly detrimental in the case of CO as it effectively leads 

to catalyst poisoning of basal plane S vacancies; the effect is less severe for H adsorption although far 

from ideal. Thus, it would appear from our calculations that S vacancies in unsupported 2H-MoS2–

possibly realized as nanoflowers or similar architectures—could offer a good compromise for both CO 

and H adsorption.   
 
4. Conclusions 

In conclusion, we employed DFT calculations to understand the interactions of monolayers of 2H, 1T, 

and 1T’ phases with transition-metal supports, using Au, Ag, and Cu as model supports. Our calculations 

show that all phases of MoS2 can form stable interfaces with the chosen TM supports and, in all cases, 

the Bader charge analysis show that the TM supports donate electrons to the MoS2 monolayers with the 

extent of charge transfer being consistently higher for metallic 1T and 1T’ phases of MoS2 than for the 

semiconducting 2H phase. However, the extent of charge transfer is insufficient to induce a 

semiconductor-to-metal transition in the supported MoS2 monolayers and the 2H-phase, which is the 

ground-state of the isolated monolayer, still remains the most stable phase on every TM support. 

Nevertheless, considering the higher density of electronic states appearing at the Fermi level of the 2H 

monolayer with increasing levels of charge transfer, we expect that the studied supports should, 

minimally, improve the electronic conductivity of semiconducting 2H-MoS2.37 

We also examined the role of the support in modulating the interaction of the supported monolayers 

with adsorbates such as H and CO whose adsorption free-energies can be considered as descriptors for 

HER and CO2RR. In the absence of any sulfur vacancy defects, the interaction of the MoS2 basal plane 

with H and CO is weak (physisorption) irrespective of the support or the phase of MoS2 that is employed. 

With the introduction of S vacancies, though, the studied adsorbates form strong chemical bonds at the 

undercoordinated vacancy site. While the free-energy for H adsorption is only slightly perturbed by the 

presence of the Cu support, the effect on CO adsorption is rather significant to the extent that the S 

vacancy sites in 2H MoS2 are likely to be poisoned by CO when supported on Cu. The support effect is 

almost negligible on the 1T’ phase although both H and CO are slightly overbound. In short, our studies 

unambiguously demonstrate that support effects cannot be neglected when trying to establish the relative 

merits of various 2D TMD catalysts, especially in the presence of charge transfer interactions as might 

be expected at interfaces between electrodes and the TMD catalyst. 
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