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Abstract: Recent studies in 2D transition-metal-dichalcogenides (TMDs) for
electrocatalytic applications have mainly concentrated on MoS,, while the catalytic
properties of the majority of other TMDs remain uncovered. This work reveals the
activity of sulfur-based IVB-VIB TMDs in different phase structures for oxygen
reduction reaction (ORR). The pristine TMDs are inactive for ORR. The adatom
doping with transition metals and non-metal substitutional doping are efficient
strategies to modify TMDs. Particularly, Ni or Co doping on 1T-TiS,, 2H-TiS,, 1T-
7ZrS,, 1T-TaS,, 1T-NbS, and 2H-TaS, act as feasible ORR electrocatalysts with
overpotential (0.32~0.55 V) comparable to state-of-the-art Pt-based electrocatalysts.
While 2H-WS,, 2H-TaS,, 2H-TiS, and 1T'-WS, can be effectively activated by N
doping with overpotential of 0.3 ~ 0.75 V. Our predictions show an effective way to

modify ORR activity of TMDs by single atom doping, which would be helpful to
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provoke future experimental interests of ORR in these systems.



1. Introduction

The renewable energy-conversion system, such as metal-air batteries!? and fuel
cells,>* has been considered as an effective solution for reducing environmental
pollution and alleviating the global demand for energy. To achieve an optimal
performance of such energy devices, it is crucial to accelerate the oxygen reduction
reaction (ORR), which is largely limited by the sluggish kinetics at the cathode side.>*
At present, the precious platinum-based catalysts are the most efficient ORR
electrocatalysts with prominent high activity.”® However, the high-cost and shortage
of these noble metals and metal oxides hamper the widespread applications.’
Therefore, the developments of inexpensive and earth-abundant catalysts with high
activity for ORR are highly desirable.!0:!!

Particularly, the large specific surface area of two-dimensional (2D) materials
has the potential for the catalytic reactions due to more possible active sites on the
surface. Among the discovered 2D materials, transition-metal-dichalcogenides
(TMDs) have received extensive attentions because of their versatile intriguing
properties closely related to the different phases, thickness, strain engineering, doping
and defects.!%13.1415-18 Enormous recent studies have been dedicated to grope for the
applications of TMDs, including usage as electronics,'”?! optoelectronics,??
supercapacitors?2* and electrocatalysis.”> The electrocatalytic applications have
attracted special attention because of the global demand for green energy resources
for our scientific knowledge based society. Among the large family of TMDs, MoS,

is one of the most widely studied 2D materials, and many recent studies have



confirmed that phase engineering,?® metal doping?’ and non-metal substitution?3: 2930-
32 on MoS; substrate can tune the electronic properties of MoS, and improve the
catalytic performance. For example, Xiao et al. theoretically proposed 2H-MoS,
doped with Co/Ni behaves as remarkable electrocatalysts for ORR by effectively
activating O,.33 Pumera et al. experimentally demonstrated that doping Fe and Mn on
MoS, can boost the catalytic performance toward ORR.3* Song et al. successfully
achieved ultrathin phosphorus-doped MoS, nanosheets, which hold dramatically
enhanced catalytic activity for ORR, with an increase of current density up to 7 fold
than the pristine form.3? In addition, the fabricated N-doped MoS, by incorporating
high concentration of nitrogen atoms into MoS, nanosheet under the atmosphere of
ammonia exhibits significantly enhanced performance toward hydrogen evolution
reaction (HER).2%3° The N-doped MoS, and carbon dots composite also displayed a
high Faradaic efficiency and low onset overpotential for CO, electroreduction to
CO.3! Noteworthy, most of the recent advances have been focused on the Mo-based
TMDs such as MoS,, the catalytic properties of the majority of TMDs with other
metal compositions still remain uncovered. Recently, Sofer et al. explored the
catalytic activity of TaS, and found that both 2H TaS, and 1T TaS, show good ORR
performance relatively close to that of Pt/C catalyst.?>

Given by the continuing interest on TMDs for catalytic applications such as
ORR, it is important to make a depth profile analysis of the catalytic behaviors of 2D
TMDs family and explore effective strategies to modulate the catalytic activities and

identify those compositions with fascinating activities to guide experimental



synthesis. In this investigation, we performed systematic density functional theory
(DFT) calculations to probe the ORR performance of a series of sulfur-based TMDs
(TM=Ti, Zr, Hf, V, Nb, Ta, W, Re, and Pt) in different phase structures (2H, 1T and
IT"). We firstly evaluated the ORR performance of pristine TMDs. It is found that the
surface S layers of pristine TMDs are catalytically inactive for ORR, which are
limited by the weak O, activation and nearly non-bonded *OOH adsorption. Then, we
introduced metal doping (Fe, Co, Ni) on the catalyst surfaces, and the metal dopant
becomes the active center. The results showed that Ni@1T-TiS,, Ni@2H-TiS,,
Ni@1T-ZrS,, Co@?2H-TiS,, Co@IlT-TaS,, Co@IT-TiS,, Co@IT-NbS, and
Co@2H-TaS,; exhibit promising 4e- ORR activity with viable overpotential between
0.32 ~ 0.55 V. In addition, we also studied the non-metal substitutional doping (N, P)
at the surface S site. Among the investigated TMDs, the N-doped 2H-WS,, 2H-TaS,,
2H-TiS, and 1T'-WS, are predicted to be effective 4e- ORR catalysts with
overpotential of 0.3 ~ 0.75 V. The P-doping, however, all leads to very strong
adsorption of oxygen intermediates, which is due to the higher location of the p
electronic states of P dopant towards Fermi level that leads to strong interaction with
ORR intermediates, and thus are not suitable for usage as ORR catalysts. The
remarkable catalytic behaviors of TMDs doped with single metal atom (Co, Ni) or
non-metal N predicted by this work would encourage the fabrication of doped TMDs
catalysts for ORR.

2. Computational Details

The spin-unrestricted density functional theory (DFT) -calculations were



preformed within the Dmol® code.’>3¢ The Perdew—Burke-Ermzerhof (PBE)
functional of the generalized gradient approximation (GGA) were employed to
describe the exchange-correlation effect.3” Double numerical plus polarization (DNP)
basis set using DFT semi-core pseudopotential (DSPP) was set as the core treatment.
The empirical dispersion-corrected density functional theory (DFT-D) was adopted to
describe the Van der Waals interaction between the intermediates and electrocatalysts.
A conductor-like screening model (COSMO) was adopted to simulate a H,O solvent
environment with a dielectric constant of 78.54.3%-40 The convergence threshold was
set within 1 x 10-° Ha for energy and 0.005 A for maximal displacement. The real-
space global orbital cut-off radius was set as high as 4.6 A to ensure high-quality
results. A rectangular 2 x 3 x 1 supercell of 2H-phase and T (1T- and 1T"-) phase
TMD monolayer including 24 S atoms and 12 metal (M) atoms was constructed. The
4 x 3 x 1 I'-centered k-points was adopted to sample the Brillouin zone, and a vacuum
space with 18 A was set to eliminate the interaction between adjacent images.

The binding energy of metal dopant, denoted as E,, was defined by the following
equation:

E =FE

b total

(M/substrate)— E, ,, (M)—E

total

substrate
(substrate) (M

, Where Ei.(M/substrate), Ey,u(M), and Ey,(substrate) are the total energy of
metal doped TMDs, the single metal atom (M denotes Fe, Co, Ni) in bulk, and the
TMDs substrate, respectively.

In this work, the Gibbs free energy changes (AG) for each elementary step of

ORR were calculated from the computational hydrogen electrode (CHE) model as



proposed by Nerskov et al* The free energy is defined as
AG = AE+ AZPE -TAS + AG ,, + AG, , where 4E, AZPE, T and AS are the reaction
energy change calculated by DFT calculation, difference in zero-point energy, and the
entropy difference at 298.15 K, respectively. The entropy of gas phase molecules
(H,O, H;) were originated from thermodynamic NIST database. The zero-point
energy and vibrational entropy of the oxygenated adsorbates were calculated from the
vibrational frequencies by quasi-harmonic approximation. The corresponding
correction values are provided in Table S9. The AG,; and AGy, are the changes of free
energy caused by variations in the H" concentrations and the electrode potential. The
value of pH was set as zero. The calculation details of AG«oon, AGxo, AGxoy as well
as the free energy changes of the four elementary steps (AG;, AG,, AG;, AGy) at
equilibrium potential (U = 1.23 V) are shown in Supporting Information (SI).

3. Results and Discussion
ORR activity of pristine TMDs

In this work, we explored nine kinds of TMDs (TM= Ti, Zr, Hf, V, Nb, Ta, W,
Re, Pt). Based on the coordination mode of metal atoms, the TMDs monolayers can
typically have three different phase structures, 2H-, 1T- or 1T’-phase. The metal
atoms have trigonal prismatic coordination in 2H-phase and octahedral or distorted
octahedral coordination in 1T or 1T' phase. The possibly existed phase structures of
different TMDs are presented in Figure 1b. For VS,, TiS,, NbS, and TaS,
monolayers, they can have 2H or 1T phase, among which VS,, NbS, and TaS, have
thermodynamically favored 2H phase, while TiS, prefers the thermodynamically

more stable 1T phase. The WS, can have 2H phase or distorted 1T' phase, where the



2H phase is thermodynamically preferred. Noteworthy, for the monolayers of ZrS,,
HfS,, PtS, and ReS,, only the 1T or 1T' phase (1T-ZrS,, 1T-HfS,, 1T-PtS, and 1T'-
ReS,) has been observed in experiment.*>*3 Hence, for these four TMDs, we mainly
focus on the existing 1T- and 1T'-phase in this research. It is commonly found that the
phase structure plays a key role in determining the properties and appropriate
applications of TMDs materials. For example, the thermodynamically stable 2H-
MoS; is semiconducting that is attractive to electronic devices,'® while the meta-stable
1T'-MoS; is metallic and has great potential in electrocatalysis.*> 47 To fully explore
the potential of TMDs in ORR applications, we need to investigate the activity of
various TMDs in different phase structures. In this case, about 14 TMDs structures
are investigated, including the 2H phase of TiS,, VS,, NbS,, TaS,, and WS,, the 1T
phase of TiS,, ZrS,, HfS,, VS,, NbS,, TaS,, and PtS,, as well as the 1T' phase of WS,

and ReS,.
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Figure 1. The pink metals represent the TMDs compounds studied in this work (a). Various TMDs
exist in different phases (b).

In pristine TMDs, only the basal plane with surface S layer and sandwiched
metal layer is accessible, and three possible adsorption sites were tested, including the
surface S site, the top of transition metal site and the hollow site. Based on those
adsorption sites, we investigated the adsorption behaviors of *O,, *OOH, *O, and
*OH intermediates. The results show that all oxygen intermediates prefer to adsorb on
the top site of S atom. The Gibbs adsorption free energies (AG) of the oxygenated
intermediates (AG+oon, AGxo, and A Gxoy) were calculated according to the eqn. 3a-
3¢ (SI) and listed in Table 1.

Table 1. Gibbs adsorption free energy of ORR intermediates on pristine TMDs surface (The unit is

eV).



Catalysts AG*OOH AG*O AG*OH Catalysts AG*OOH AGxO AG*OH

1T-TiS; 5.24 2.26 1.40 2H-TiS, 5.14 1.45 0.45
1T-VS, 5.28 1.53 0.82 2H-VS; 5.63 1.99 0.92
1T-NbS; 5.16 1.97 1.48 2H-NbS; 4.91 1.84 1.01
1T-TaS, 5.12 1.98 1.57 2H-TaS; 5.28 1.90 1.15
1T'-WS, 5.19 1.86 1.23 2H-WS, 5.11 2.11 2.51
1T-H1S, 5.23 2.81 1.77

1T-ZxS, 5.35 2.69 1.83

1T-PtS, 5.04 1.58 1.90
1T'-ReS; 5.67 1.97 1.60

Herein, the competitive ORR pathways (4e- vs. 2e°) were also investigated. The
electroreduction of O, can produce either the desired H,O via four-electron (4e°)
pathway or H,0O, through the two-electron (2e”) pathway. The difference between
them is that *OOH is protonated either by *OOH + H" + e — *O + H,0 (4e
pathway) or by *OOH + H* +e- — H,0, (2e- pathway). The more favorable pathway
should have lower potential barrier for *OOH hydrogenation. According to the recent
report, if the Gibbs free energy of *O adsorption (AGxp) on catalysts is smaller than
3.52 eV (AG(H,0,) - AG(H,0)),*® then the catalyst would prefer 4e- pathway and
have high selectivity toward H,O production. Based on the calculated value of AG+q
in Table 1, all the investigated 14 catalysts have AGso smaller than 2.69 eV,
indicating that they prefer the 4e- pathway to produce H,O. Hence, we employed the
4e” pathway (R1-R4) (See SI) to evaluate the ORR activity. The change of Gibbs free
energy (AG) of each elementary reaction step (AG;, AG,, AG;, AG,) under U=1.23V

is calculated based on equation 4a-4d in SI, and the results are presented in Table S1.



The theoretical overpotential is thus defined as ny,e, = max (AG;, AG,, AG;, AGy)/e.
Overpotential serves as a useful descriptor to estimate the catalytic performance of
ORR. The lower the overpotential, the higher the activity. The predicted overpotential
of pristine TMDs is significantly high, from 1.22 V (2H-NbS,) to 1.98 V (1T'-ReS,),
as shown in Figure S2, which is even larger than the equilibrium electrode potential
(1.23V). This indicates that the pristine 2D TMDs are catalytically inactive for ORR.
From the calculated values of AG;, AG,, AG;, AG,4 (Table S1), one can see that the
first elementary step (AG;, O, protonated to *OOH) is the rate-determining step,
where the adsorption of *OOH intermediate is much weaker than *O and *OH (Table
1). Figure 2 shows the optimized adsorption geometry of O, and *OOH over the
TMDs surfaces (adsorption geometries of *O and *OH are provided in Figure S1).
Clearly, the O, molecule is only physically adsorbed with a large separation of more
than 3 A (Figure 2a), where the O-O bond length (1.23 A) shows negligible changes
compared with that of the free O, molecule, indicating that it is difficult for pure
TMDs to capture and activate oxygen molecule. From Figure 2b, the *OOH is also
physically adsorbed and is not bonded to the surface S atom, which indicates that the
first-step hydrogenation of O, to form *OOH is energetically very unfavorable. Thus
one can conclude that the unfavorable O, and *OOH binding via the surface S center

should be the key for the low activity of pristine TMDs.
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Figure 2. The adsorption configurations of O, (a) and *OOH (b) on various TMDs catalysts
surface.

On the other hand, from the recent experimental and theoretical researches,
doping by metal and non-metal elements can effectively modify and improve the
electrocatalytic activity of 2D MoS,.2% 2930-32 Encouraged by these previous studies,
we further explored the doping effect on the ORR activity of various TMDs.

ORR activity of transition metal (Fe, Co, Ni) doped on TMDs

We firstly studied the metal doping. Recent experiments have made great
progress in achieving isolated single metal atom doping (Fe, Co, Ni, Pt) by covalently
bonded to the surface S layer of MoS, as adatom.'>- 44 Hence we will mainly focus
on the adatom doping, and we choose the non-precious and earth abundant metals
such as Fe, Co, Ni as the dopant.>>%> A total of 42 catalysts are constructed by
rationally anchoring the single metal atom (Fe, Co, Ni) on the 14 TMDs surfaces. We

tested the possible adsorption sites of adatom dopant (Figure 3a). On 2H-phase



surface, there are two possible sites: the hollow site (H) and the top site of sandwiched
transition metal element (Tty). On 1T-phase surface, there are also two possible sites:
the top site of sublayer S atom (Ts) and the top site of the sandwiched transition metal
(Ttm). On the 1T'-phase surface, due to the structural distortion, there are two types of
S atom: the tensile S atom with three stretched S-M bonds (St) and the compressed S
atom with three shortened S-M bonds (Sc). Thus there are three possible adsorption
sites on 1T'-phase: the top site of the sandwiched transition metal (Tty), the top site
of the sublayer tensile S (Ts;), and the top site of the sublayer compressed S (Ts.). The
test calculations showed that the Fe, Co, Ni dopants prefer to anchor onto the hollow
site (H) on 2H-phase, the top site of sublayer S atom (Ts) on 1T-phase, and the top
site of the sublayer tensile S (Ts) on 1T'-phase, as shown in Figure 3b. Among them,
the Fe, Co, Ni not only bond with three neighboring surface S atoms to form three Fe-
S (Co-S, Ni-S) bonds, but also bond with three sandwiched TM atoms to form three
additional Fe-TM (Co-TM, Ni-TM) bonds. The distance between the metal dopant
and the adjacent S atoms ranges from 2.07 to 2.23 A, and the bond length of doped
metal atom with the sandwiched TM atom varies from 2.56 to 2.94 A.

The aggregation of isolated metal atom on the substrate is a critical concern.
Therefore, we need to estimate the stability of metal dopant anchored on 2D TMDs
based on the difference between binding energy (Ey, calculated by eqn.1) and metal
cohesive energy (E.q,). According to the previous report,® the energy difference in E,
and E.,, (denoted as AE = Ey, - E.) < 0.15 eV serves as a benchmark to evaluate the

stability of the doped single metal atom. Note that there exists some discrepancy in



the stability criteria set up for single atom catalysts.®* ¢ To establish a proper criteria
for the studied 2D TMDs substrates, we then evaluate the stability of Fe-, Co-, and
Ni-doped 1T’-MoS,, which have been successfully synthesized experimentally.!s- 4%-54
65 The calculated energy difference in E, and E.,, for Fe-, Co-, and Ni-doped 1T'-
MoS, is 0.25 eV, 0.26 eV, and 0.35 eV, respectively (they are more positive than 0.0
eV but can be stably achieved in experiment), thus the criterion of E, - E.,; < 0.15 eV
(smaller AE value than the 1T'-MoS, system) could be well-suited to evaluate Fe, Co,
and Ni-doped other TMDs compositions. Based on this screening criteria, about 20
out of 42 catalysts are expected to be thermodynamically stable (the catalysts below
the red dotted line in Figure 3c), including Fe@2H-NbS,, Co@2H-NbS,, Fe@2H-
TiS,;, Co@?2H-TiS,, Ni@2H-TiS,;, Co@2H-VS,, Co@?2H-TaS,, Fe@1T-NbS,,
Co@1T-NbS,, Ni@1T-NbS,, Co@1T-TiS,, Ni@1T-TiS,, Fe@1T-VS,, Co@1T-VS,,
Ni@1T-VS,, Co@1T-TaS,, Fe@1T-ZrS,;, Co@1T-ZrS,, Ni@1T-ZrS,, and Co@1T'-
ReS,. By contrast, substrates such as WS, and PtS, above the red dotted line are
demonstrated as weaker supports to host single metal atom. In addition, we calculated

=U°

diss(metal)

the dissolution potential,U, —E;/ne, to evaluate the electrochemical

stability of screened catalysts, where U, ;’iss(metal) and n denote the standard reduction
potential of bulk metal and the number of electrons transferred during dissolution.
Usually a positive Uy, (Uyiss > 0) can ensure the electrochemical stability of a catalyst
system. From Table S2, the Uy, for most of the studied M@TMDs is slightly

negative except for Fe@1T-VS,, Co@1T-VS, and Ni@1T-VS,. For comparison, we

also calculated Uy, of Fe-, Co- and Ni-doped 1T-MoS,, which is calculated to be -



1.81 eV, -1.18 eV and -1.07 eV. The Co-doped 1T"-MoS, has been experimentally
demonstrated to exhibit superior activity and stability for electrocatalytic hydrogen
evolution.?”- © For other doped TMDs systems with U, larger than that of Fe, Co,
and Ni-doped 1T-MoS,, it is anticipated that they can also remain stable under real

elctrochemical reaction conditions.
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After estimating the stability of catalysts, only the stable 20 M@TMDs catalysts
were further examined for the adsorption of various oxygen species. The O, reactant
and oxygenated intermediates (*OOH, *O and *OH) all tend to form chemisorption at
the M dopant center. The adsorption configurations are depicted in Figure S3. Note
that here we mainly focus on the associative mechanism (O, reduction to *OOH),
while the dissociative mechanism is precluded since the direct O-O cleavage of
adsorbed oxygen on the single metal center is energetically very endothermic. The
results show that O, molecule is chemically adsorbed via side-on or end-on mode on
the investigated 20 M@TMDs catalysts. Moreover, in contrast with the non-bonded
adsorption of *OOH on pristine TMDs, the M@TMDs all show favorable chemical
adsorption of *OOH. Take the 2H-TiS, case as an example, the O, and *OOH
adsorption is very weak on pristine 2H-TiS, and the charge transfer between them is
negligible (Figure 4a and 4e). After metal doping, we observed substantial charge
transfer about 0.49 (0.36), 0.38 (0.31) and 0.17 (0.21) |e| from Fe@?2H-TiS,, Co@?2H-
TiS,, and Ni@2H-TiS,; to the adsorbed O, (*OOH), which reveals strong interaction
between O, (*OOH) and doped 2H-TiS, (Figure 4b-d, 4f-h). The calculated Gibbs
adsorption free energies of the oxygenated intermediates (AGxoon, AG+o and AGxgy)
are summarized in Figure 5a-c and Table S3. The binding strength of *OOH over
M@TMDs is dramatically enhanced by about 1~2 eV than pristine TMDs substrates
(Figure 5a). The adsorption of *OH on M@TMD:s is also stronger than that of pristine
TMDs except for Co and Ni doped 2H-TiS, and 1T-VS, (Figure 5c). For *O, the

TMDs doped by Fe strengthen the bonding strength, while TMDs doped by Co or Ni



weaken the binding with *O except for Co doped 2H-VS, (Figure 5b). Hence the
metal adatom doping plays a critical role in modulating the binding strength of

oxygen and oxygenated intermediates.

(a) pristine 2FLTiS2 (Oz2) (b) Fe@2H-TiS2 (O2) (¢) Co@2H-Tisz (02) (d) Ni@2H-TiSz (02)

e

(e) pristine 2H-TiS2 (OOH)  (f) Fe@2H.TiSz (OOH) (2) Co@2H-TiS2 (OOH) (h) Ni@2H-TiS2 (OOH)

Figure 4. The charge density difference of O, and *OOH adsorption on pristine 2H-TiS, (a, e),

Fe@?2H-TiS, (b, f), Co@2H-TiS, (c, g), and Ni@2H-TiS; (d, h). The isosurface level is set as

0.0035 e A3,
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Figure 5. The Gibbs adsorption free energy of *OOH (a), *O (b), *OH (c) on pristine and metal
doped TMDs. The number of electron transferred between doped metal atom and TMDs (d).

To explore why the TMDs doped with Fe, Co & Ni enhance the adsorption of
most oxygen intermediates, we further analyzed the charge transfer between metal
dopant and TMDs (Figure 5d and Table S4). The doped metal atom acts as an electron
donor and the number of charge transfer (/V,) varies from 0.10 to 0.63 |e|. One can see
that for the same TMDs substrate, the transferred N, follows a decreasing trend of
Fe@TMDs > Co@TMDs > Ni@TMDs. The oxygen intermediate groups are
electron-rich and tend to move to the more positive charge center. The larger N, in
Fe@TMDs indicates the Fe center is more positive than Co or Ni. Consequently, the
TMDs doped with Fe generally have stronger binding for oxygen intermediates,
followed by Co@TMDs and Ni@TMDs. Recently, Sun et al. studied the bond order

of oxygen intermediates to Fe3* and Ni**, and they confirmed the stronger binding



strength at the Fe site in NiyFe; (OOH than the Ni site,°® which is consistent with our
predicted results. In addition, the d-band center as an important descriptor is usually
related to the adsorption free energies of oxygen intermediates on transition metal
surface. As shown in Figure S4, we calculated the d-band center of transition metal
atom doped on TMDs. One can see that the d-band center of Fe is closer to the Fermi
level than Co or Ni in the same TMD system. Take 2H-TiS, as an example, the d-
band center of Fe, Co, and Ni is -1.05 eV, -1.21 eV and -1.68 eV respectively. The
higher d-band center down from the Fermi level, the higher resultant anti-bonding
level (decreased occupancy) and the stronger adsorption of the oxygenated species,
which is consistent with the binding strength of oxygen intermediates: Fe@TMDs >
Co@TMDs > Ni@TMDs. The strong bonding on Fe doped systems is detrimental to
the ORR performance.

Furthermore, the adsorption free energy of oxygenated intermediates is
considered as an important descriptor to estimate the catalytic performance toward
ORR.%” We use AG+oy as the descriptor and plot the correlation between the limiting
potential (since AG in our case is calculated at equilibrium potential of U = 1.23 V,
the limiting potential is defined by U,=1.23 - max(AG,,AG,,AG,,AG,)/e) and
AGxoy, and a volcano-like activity of various M@TMDs catalysts was constructed
(Figure 6a). Note that Ni@1T-NbS,; and Co@1T'-ReS,; are not located at the volcano
curve, since their activity-determining step is determined by the second step (*OOH
to *O and H,O for Ni@1T-NbS,) or the third step (*O to *OH for Co@1T'-ReS,),

which is different from other M@TMDs systems where the activity is mainly



determined by either the first or the fourth step. From Figure 6a, the smaller the value
of AG+qy, the stronger the adsorption strength of *OH. The catalysts located at the left
branch of the volcano curve bind *OH too strongly. At this point, the limiting step is
the fourth step of *OH reduction to H,O. As the value of AG«oy increases, the
adsorption strength of *OH gradually weakens, and the overpotential declines as well.
When AGsoy increases to the intersection of the volcano curve, the overpotential of
ORR is the smallest. With the further increase of AG+op (the right branch of volcano
curve), the overpotential begins to increase, and the activity-determining step is then
determined by the first step (oxygen molecule reduction to *OOH). Hence, the
binding strength of *OH ultimately determines the ORR activity, and we can quickly
predict the catalytic activity from the volcano plot. Among the examined 20
M@TMDs catalysts, Ni@1T-TiS, (limiting potential: 0.91 V), Ni@2H-TiS, (0.90 V),
Ni@1T-ZrS, (0.85 V), Co@2H-TiS, (0.79 V), Co@1T-TaS, (0.78 V), Co@1T-TiS,
(0.75 V), Co@1T-NbS; (0.69 V) and Co@?2H-TaS, (0.68 V) are located close to the
vertex of the activity volcano curve, which show potentially promising activity for
ORR. The calculated ORR energy diagrams of the eight screened ORR catalysts at 0
V and 1.23 V are presented in Figure 6b. From this diagram, the free energy of rate
determining step (RDS) can be used to estimate the overpotential. For Ni@1T-TiS,,
Ni@?2H-TiS; and Ni@1T-ZrS,, the RDS corresponds to the first step of protonation
from *O, to *OOH with a limiting reaction barrier of 0.32, 0.33, and 0.38 V,
respectively. For Co@?2H-TiS,, Co@1T-TaS,, Co@I1T-TiS,;, Co@1T-NbS, and

Co@?2H-TaS,, the RDS is the last hydrogenation step from *OH to H,O with a



limiting reaction barrier of 0.44, 0.45, 0.48, 0.54 and 0.55 V, respectively. Note that
the predicted overpotential of the eight M@TMDs catalysts (0.32 ~ 0.55 V) is
comparable with the Pt-based catalysts (0.4 ~ 0.45 V),%® indicating that they are
highly active for four electron reduction of oxygen to H,O. Noteworthy, the
theoretically predicted ORR overpotential on Pt(111) is 0.55 V, which slightly

deviates by about 0.1~0.15 V compared to the experimental value.

(a) (b)

155 & Fe@2H-NDS: $ Co@2H-NDS2 59 o Co@1T-NbS:2
O Fe@2H-Tis: O CowzH-TIS: = i % Co@2H-Tas
Ni@2H-Tis2 & ComzH-VS: \WOzHH te >700H ) @ a2
=10 Co@2H-Ta$ & Fe@IT-NbS2 4+ L% 4 Co@1T-TiS:z
g ComITNbS: N@IT-Nbs2 S | = Co@1T-TaS:2
. o Co@1T-TiS2 ° Ni@1T-TiSz — A\ Co@2H-TiS:2
= Fe@IT-VS2 Co@1T-V$: > 34 OO e N
E Ni@IT-VS: & Co@IT-TaS: 2 QOHFH. 6 = 0m A \ Ni@1T-ZrS:
= 054 O rearrzs: & Co@IT-ZeS: 2 4 W .y —Ni@2H-TiS2
; Ni@IT-2eS: O Co@IT-ReS: § 2 \‘=\\ \ Ni@1T-TiSz
£ = *oti e YOR
.0 < I WY,
£ 00 2 14 Ay
- 5 RDS \
J .
K \,= = eem— *OHHY He ¥+ H.0
U=1.23V - = N
0.5+ 0+ Ce— —_— = >
S s . =
NS e— = 2
) =g A RDS
——————T——T——T——T——T——
410 05 00 05 10 15 20 25 30 35 Reaction coordinate

AG“nu (V)

Figure 6. Thermodynamic activity volcano curve of 20 M@TMDs catalysts (a). The free-energy
diagram of ORR on screened eight promising catalysts at 0 V and 1.23 V (b).
ORR activity of metal-free heteroatom (N, P) doped on TMDs

Besides metal doping, a large amount of studies have successfully synthesized
heteroatom (P and N) substitutional doped MoS,.2% 32 -30. 31, 69, 70 These interesting
reports arouse our interest to explore the effect of non-metal heteroatom (N/P)
substitutional doping on ORR activity of various types TMDs. The geometries of
TMDs doped with N and P atom at the S site are shown in Figure S5. It is obvious
that the different radius of N and P affect the substitutional doping configurations.
The smaller N atom is slightly recessed below surface S layer, while P atom is located

on the surface or slightly protruded from the surface. Note that for the 1T"-phase WS,



and ReS,, there are two possible doping site. The N and P prefer to dope the
compressed S atom (Sc) in 1T-WS,, while in 1T-ReS,, the stretched tensile S atom
(St) is preferred for N doping and the Sc is preferred for P doping. To evaluate the
stability of N- and P-doped TMDs, we calculated the formation energy (Ef), which is
defined as: E; = E, ,[doped TMD]-E,_ [TMD]- yg — 1, , where E,_, ,[doped TMD],
E ,TMD] are the total energies of the doped and pristine TMD monolayer,
respectively, us and uy are the chemical potential of S and N (or P) atom. yy can be
gained from free N, and P, molecule, and the x5 can be computed from Sg molecule.
Since the N- and P-doped 2H-MoS,; have been successfully realized in experiment,?®:
% the corresponding Eg is calculated for comparison, which is calculated to be 1.98 eV
for N/2H-MoS, and 1.51 eV for P/2H-MoS,. From Table S5, most of the studied N-
and P-doped TMDs have lower E; compared with 2H-MoS, counterparts, indicating
that they have high stability and experimental feasibility. In N-doped TMDs, the O,
molecule is physically adsorbed, while *OOH, *O and *OH are mostly chemically
bonded to the N atom. In the case of P-doped TMDs, the O, molecule, *OOH, *O and
*OH are all chemically adsorbed (Figure S6). The corresponding Gibbs adsorption
free energies (AGxoon, AGxo and AGxgy,) as well as the overpotentials of ORR are
calculated and shown in Figure 7 (detailed data are listed in Table S6-S7). For the
ideal catalysts, the AGsooy, AGxo and AGsoy should be 3.69, 2.46, 1.23 eV,
respectively.”! For N-doped TMDs catalysts, AG+ooy is mostly greater than 3.69 eV,
indicating the slightly weak adsorption of *OOH on catalysts. The adsorption of *O

and *OH on the catalyst surface is relatively moderate. Reversely, the *OOH, *O and



*OH species are strongly bound to P-doped TMDs, which is rather difficult for
protonation reduction compared with N-doped TMDs. As shown in Figure 7b, the
overpotentials of all the P-doped TMDs are higher than the equilibrium potential (U =
1.23 V). This indicates that the substitutional P doping overbinds the oxygenated
intermediates, which is ineffective for tuning the ORR activity of TMDs. Among the
14 N-doped TMDs candidates, we screened out four catalysts with promising catalytic
activity, including N/2H-WS,, N/2H-TaS,, N/2H-TiS, and N/IT-WS, with
overpotential of 0.35, 0.55, 0.57 and 0.75 V, respectively.

Moreover, since B is also a common dopant, we also studied the feasibility of B
heteroatom substitutional doping for ORR. The optimized configurations indicate that
the B dopant is slightly recessed on the surface of TMDs substrate due to its small
atomic radius (Figure S7). Then, we investigated the adsorption behavior of O, on
B/TMDs, as shown in Figure S8. It can be clearly seen that B/TMDs are easily
oxidized after interaction with oxygen molecule. The B doped TMDs are chemically

too reactive and thus not suitable as catalysts for ORR.
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We should note that the ORR activity of doped TMDs is mainly depended on the
binding strength of oxygenated intermediates. The catalysts with a moderate binding
will be more active than that binding too weakly or too strongly. Next, we will
explore what causes the difference in adsorption strength of N- and P-doped TMDs.
The charge transfer (Ne) between N/P dopant and TMDs was calculated as well. The
doped metal-free atom serves as an electron acceptor, and the electronegativity of N
and P are 3.04 and 2.19, respectively. The greater the electronegativity, the stronger
the ability to accept electrons, and vice versa. From Figure 8a and Table S8, one can
see that the N dopant gains much greater electrons that that of the P dopant in the
same TMDs system. This thus can explain the much weaker binding strength of
oxygen intermediates to N-doped TMDs because oxygen intermediates are electron-
rich and the N dopant is electrically more negative than P. In addition, we also
performed electronic structure analyses for N and P atom which serves as the active
center for interacting with oxygen species. As depicted in Figure 8b, we use the
highest peak of the active center DOS (E,) below Fermi level as the electronic
descriptor, and found that the E, of the P atom in all the P-doped TMDs are more
closer to the Fermi level than that of the N counterparts. Take the N- and P-doped 2H-
WS, as an example (Figure S9a and 9b), the E;, of the N- and P-doped 2H-WS, are -
3.89 eV and -0.68 eV, respectively. When the catalysts interact with oxygen
intermediates, the electronic states of the active N or P center are interacting with that
of the intermediates, their hybridized energy levels split into the anti-bonding state

(o) (usually goes across the Fermi level) and the bonding state (o) (under the Fermi



level), as shown in Figure S9c. The difference of the adsorption strength usually
comes from the o*. For the P-doped 2H-WS,, the P center has higher E, location
close to Fermi level, the o* moves higher with a lower occupancy, hence the bonding
strength between P-doped 2H-WS, and oxygen intermediates is stronger than that of
N-doped 2H-WS,. For all N- and P-doped TMDs, the interaction of P-doped TMDs
with oxygen intermediates is stronger than that of N-doped TMDs.

Our predictions here provided useful guideline for the design of high efficient
TMDs electrocatalysts for ORR by doping with transition metal or non-metal
elements. Among the investigated 14 TMDs structures, 1T-TiS,, 2H-TiS,, 1T-ZrS,,
1T-TaS,, 1T-NbS, and 2H-TaS, act as feasible ORR electrocatalysts by Ni or Co
doping, while 2H-WS,, 2H-TaS,, 2H-TiS, and 1T'-WS, can be effectively activated
by N doping. We believe that these insights will be helpful in guiding the design and
discovery of 2D TMDs with high-efficiency electrocatalytic properties for ORR and

provoke future experimental investigations of O, reduction in these systems.
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4. Conclusions

In this fundamental study, the catalytic activities of 14 TMDs with different
phase structures have been systematically investigated by using first-principles
calculations. All of the pristine TMDs show poor catalytic activity for ORR due to the
weak O, and *OOH adsorption causing very high barrier and overpotential for the
rate-determining step (*O, —*OOH). Then, the introduction of metal adatom doping
(Fe, Co, Ni) is considered. The metal dopant acts as the positively charged center,
which significantly enhances O, adsorption and promotes subsequent hydrogenation
reactions. Because of the larger charge transfer, Fe doping tends to induce stronger
adsorption of *OOH/*OH than Co or Ni, and eight out of the 42 studied M@TMDs
catalysts are screened to be promising in catalyzing ORR with a low overpotential,
including Ni@1T-TiS,, Ni@2H-TiS,;, Ni@1T-ZrS,, Co@2H-TiS,, Co@]1T-TaS,,
Co@IT-TiS;, Co@IT-NbS, and Co@?2H-TaS,. Moreover, the non-metal
substitutional doping is further investigated. The P-doped TMDs with higher location
of Ep strongly interact with oxygen intermediates compared with that of N-doped
TMDs. Particularly, the excessive binding of P-doped TMDs with *OH makes it
difficult for *OH protonation to H,O with very large over-potential, which show
inactivity towards ORR. Fortunately, we find that N-doped 2H-WS,, 2H-TaS,, 2H-
TiS, and 1T'-WS, are promising candidates of ORR electrocatalyst. These results
show that single atom doping is an effective way to modify ORR intermediates
adsorption energies and ORR catalytic activity, which could be useful for future

tuning and developing 2D TMDs-based -electrocatalysts with high catalytic



performances.
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