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Abstract

To search for efficient electrocatalyst towards ORR and OER for
sustainable energy conversion, storage, and utilization, a family of single
transition-metal atom (Mn, Fe, Co, Ni, Cu and Zn) doped two-dimensional
tungsten disulfide monolayers have been systematically investigated by using
first-principle computations to uncover the impact of transition-metal dopants
on ORR and OER electrocatalytic activities. It is demonstrated that single-
metal-atom sites can bind to the surface of 2D WS,, enhancing the adsorption
of intermediates involved in the OER/ORR and decreasing overpotentials
effectively. Compared to the pristine 2D WS, most of transition-metal doped

catalysts can decrease overpotentials and promote OER and ORR activities

* Correspondence: mzhang @bjut.edu.cn
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effectively. Particularly, Ni@WS; and Zn@WS; are screened out to exhibit

the best electrocatalytic activity among all systems with an overpotential of

0.33 and 0.47 V for OER process, respectively, showing that Ni@WS, and

Zn@WS; are potential candidates for OER electrocatalysts. Furthermore,

their electrocatalytic performance are explained in terms of volcano plot,

scaling diagram, d-band center model, and charge analysis.
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1. Introduction

Due to the fact that the large-scale exploitation of conventional fossil

energy (i.e., coal and petroleum) is extremely harmful to the environment by

pollution. Nowadays, searching for effective, renewable and clean energies

has attracted extensive attention and interest [1-6]. The proton exchange

membrane fuel cells (PEMFCs) and rechargeable metal-air batteries, which

performances strongly depend on the oxygen evolution (OER) and/or oxygen

reduction reactions (ORR) [7-9], are some of the most promising solutions for

meeting future energy demands of electric vehicles, solar cells, etc. Nowadays,

the exploration of an excellent catalyst for PEMFCs is in full swing.

Unfortunately, high cost is still the biggest challenge in marketing PEMFCs

for some precious Pt-based electrocatalysts [10-13]. Therefore, the design and

development of cost-effective, sustainable, and efficient catalysts is greatly

important and urgently desired.

Recently, single-atom electrocatalysts have drawn much attention since

the corresponding concept was first proposed by Zhang et al in 2011 [14],

various single-atom electrocatalysts, such as Mn-Na, graphene-embedded Fe-

N4, Ni-Ny, Co-N/C, Cu-N/C, Zn-N/C [15-19], have been extensively explored

for the OER/ORR due to their high catalytic performance, the maximum atom

utilization efficiency and the dramatical reduction in the use of precious metal.

However, the tendency of aggregation is an important issue affecting their
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performance. The stability of single-atom electrocatalysts has become an

ongoing debate and is a large obstacle for their practical applications.

Fortunately, it was reported that the isolated metal atoms can be fixed through

covalent and electronic interactions with the supports [20], and the catalytic

activity can be boosted through the modulation of the morphology and

electronic structure of isolated metal atoms by supports as well [21]. Recently,

earth abundant two-dimensional transition-metal-dichalcogenides (2D

TMDs), such as MoS,, have attracted great attention for their attractive

electronic and electrocatalytic properties [22-24]. Among them, the tungsten

disulfide (WS;) has gained more and more attention and revealed the

excellent performance in hydrogen evolution reactions (HER) and OER due

to its excellent methanol tolerance and strong stability [25-26]. Additionally,

WS is prone to chemical exfoliation and likely to be more suitable for large-

scale catalyst applications. However, pristine 2D TMDs generally exhibit low

catalytic activity due to their catalytically inert basal surface, poor electric

conductivity, and limited active sites. Several techniques, such as

nanostructure, defect, interface, and strain engineering, have been developed

to generate high catalytic performance for TMD-based materials [27-29]. One

of the promising ways is to dope single metal atom, acting as an active site to

boost catalytic activity. To our knowledge, enhancing the ORR or OER

catalytic activities of 2D WS; by the decoration of single transition metal atom
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have not been reported yet.

This encourages us to evaluate single transition-metal adatom (STMA)
(M = Mn, Fe, Co, Ni, Cu, and Zn) doped 2D WS, materials (denoted as
M@WS,) as ORR and/or OER electrocatalysts by density functional theory
(DFT) calculations in this work. Firstly, we found that limited active sites and
poor conductivity attributed to its semiconductor nature with a band gap of
about 1.62 eV, hindering its catalytic performance for the pristine 2D WS,
monolayer. By analyzing the adsorption configuration and the adsorption
energy of possible oxygenated intermediates including *OOH, *O, and *OH,
the scaling linear relationship is evidently approved and a volcano curve
correlated between electrocatalytic activity and AG=on is derived, which can
be used to quickly screen out STMA doped 2D monolayer WS, catalysts with
pronounced ORR/OER activities. It is demonstrated that the overpotentials of
M@WS, can be greatly reduced compared with that of the pristine 2D WS,.
Especially, Ni@WS, and Zn@WS, are screened out to exhibit low
overpotentials of around 0.33 and 0.47 V for the OER process, which is
slightly better than (or at least compatible to) that of the IrO; catalyst (~ 0.40
V). Our findings in this study are expected to stimulate the design of novel

and highly efficient non-precious ORR/OER catalysts.

2. Methodology and computational details
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The ORR in the acidic medium can be described as
O, + 4H" + 4e~—2H,0 (1)

The elementary steps are as follows according to 4e™ pathway

*0,+ H' + e +*OOH )
*O0H +H' +e «*0+H,0 3)
*O + H* + e < *OH (&)
*OH + H' +e < *+H,0 (5)

where the * denotes the adsorption site.

According to the previous literature, the steady-state adsorption of

molecular O; on the surface of catalyst does not contribute to the potential

dependence of the faradic current when this process is viewed as a chemical

step, and the molecular levels of adsorbed O couple to the metal electrons so

strongly that electron transfer is unlikely to be rate limiting for the O»

adsorption. Moreover, because the free energy of O, molecule is poorly

described by DFT calculations due to its high spin ground state nature, the

reaction free energies can be calculated by Eqn. (6)-(8) in order not to

calculate the free energy of O, directly.

* 4+ 2H,0 > *O0H + 3 /2H, (6)
* 4+ H,0 ¢ *O + H, 7)
* + H,0« *OH + 1 /2H, (8)

Then, the adsorption free energy of *O, *OH, and *OOH can be defined as
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AGo =Gy, + Geo — G0 — G- 9)
AGoon =1.5Gy, + Groon — 2Gmo — G+ (10)

AGon = 0.5Cy, + Guog — G0 — G (11)

At the equilibrium potential of 1.23 V, the reaction free energy of Eqn.
(1)is4.92 eV. Thus, according to Eqn. (9) - (11), the reaction free energy (AG;,
i=1, 2, 3, 4) can be defined by the adsorption free energies of AG+oon, AG+o,

and AG+oq as

AG; = AGoon — 4.92 + U (12)
AGs = AG . — AGuoon + €U (13)
AG3 = AGou — AGuo + eU (14)
AG 4=~ AGuon + eU (15)

Thus, the thermodynamic limiting potential (Ur) can be calculated by Ur = —

max (AGi, AGy, AGs, AGs)le [30]. Therefore, the theoretical overpotential

(norr) is defined by [5orr = max (AG1, AGa, AGs, AGy)le +1.23].

The 4e” OER process takes the reverse reaction steps of the ORR.

Similarly, (AG;’i =1, 2, 3, and 4), the change for these OER elementary

reaction steps, can be defined as

AG| = AGioq —eU (16)
AGh = AG — AG-ou — €U (17)
AG5 = AGoon — AGo — €U (18)
AG) =4.92 — AGgon — €U (19)
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The overpotential (roer) can be calculated by [770er = max(AG1’, AG?’, AG3’,
AGy)e - 1.23].

In this work, the Gibbs free energy change (AG) of each reaction step
can be calculated by using the computational hydrogen electrode (CHE)
model proposed by Nerskov et al. via Eqn. (20) [31],

G =AE + AZEP — TAS + AG,H+ AGy  (20)
where AFE represents the change of reaction energy that can be directly
obtained by DFT calculations. AZPE, AS, and T are the difference in zero-
point energy, that of entropy, and the temperature (298.15 K in this work),
respectively. AGy = -eU, which is the change in free energy caused by
variations of the electrode potential where U is the bias voltage applied on the
electrode. AG,n = -ksTIn[H'], representing Gibbs free energy correction by
the H* concentration. Herein, pH was set to be zero for acidic medium.

In this work, all calculations are performed based on the first-principles
density functional theory (DFT) formalism utilizing the Vienna ab initio
simulation package (VASP) with the projector augmented wave (PAW)
method [32]. The generalized gradient approximation (GGA) is employed to
describe the exchange correlation functional using the Perdew-Burke-
Ernzerhof (PBE) functional [33]. The cutoff energy is fixed at 450 eV for all
calculations to ensure convergence and calculation accuracy. The Brillouin

zone is sampled by 3x3x1 k-points. The energy and force values (below 107
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eV and 0.01 eVA™!) were applied on each ion as the criteria for geometry

optimizations. The 2D WS, catalyst was modelled by 4x4 supercell including

48 atoms. A vacuum space of 20 A was set in the z-direction, which is large

enough to avoid interactions between neighboring WS, layers. The lattice

parameters of the relaxed 2D WS; are shown in Table 1.

Table 1 The lattice parameters of the relaxed 2D WS, and M@W S,

Catalysts a(°) B(®) 7 (°) a(A) b (A) c(A)

WSz 90.00 90.00 120.00 12.74 12.74 3.14
Mn-WS; 90.20 89.94  120.01 12.74 12.73 4.68
Fe-WS» 90.01 89.86  120.00 12.74 12.75 4.16
Co-WS, 89.95 90.02  120.05 12.75 12.73 4.13
Ni-WS» 90.08 90.01  120.00 12.74 12.74 4.12
Cu-WS, 90.38 89.41  120.00 12.68 12.68 4.48
Zn-W$S> 89.67 90.01 120.01 12.73 12.73 5.09

3. Results and discussions

3.1. Stabilities of the STMA doped 2D WS2

All possible surface adsorption sites of the transition metal atom on 2D
WS; surface, including the top of W and S atoms, and the center of the
membered ring named as W-top, S-top and Cav, are taken into consideration,
respectively. All M@WS: structures are fully relaxed and the relaxed lattice
parameters are tabulated in Table 1. Based on the calculated total energies

depicted in Figure 1, one can see that all investigated metals prefer to be
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adsorbed on the W-top site. In this regard, only W-top configuration is

considered for all M@WS; systems in the subsequent work.

-390

I W-Top
388 | I s Top
-386 F -CaV

-384
-382
-380
-378

Total energies (eV)

-376
-374
-372
-370

Figure. 1 The total energies of W-top, S-top, and Cav configurations with
the transition metal atom at different adsorption sites for the M@WS, (M =

Mn, Fe, Co, Ni, Cu, and Zn).

Nest, the binding energies (E,) between STMA and the WS, are
calculated according to Eqn. (21) [34],

E, = Erq (M @ WSQ) —Eroi (M) — Erq (WS2) (21
where Er,;(M@WS,), Erot(M), and Er,;(WS,) represent the total
energies of M@WS,, the single M atom, and the WS,, respectively. It is
known that the more negative the binding energy, the more stable the
adsorption of the metal atom on the support. As shown in Table 2, the binding
energies of the transition metal-doped WS, monolayer are in the range of -

0.16 to -3.17 eV, indicating that all transition atoms such as Mn, Fe, Co, Ni,
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Cu, and Zn can thermodynamically bind to the surface of 2D monolayer WS.

Table 2 The binding energies (Eyp), the adsorption free energy changes

(AG=oon, AG+o, and AG=on) of different reaction intermediates, the reaction

free energy (AG;, i =1, 2, 3, and 4, calculated by Eqn. (12) — (15) at U =0V)

of the ORR, and calculated overpotential (1) for M@WS, (M = Mn, Fe, Co,

Ni, Cu, and Zn)

Gibb’s free energies (eV) AG:  AG,  AGs  AGs  norr  Horr

Catalyst Ev/eV
AGsoon AG+o AGwon (eV) (eV) (eV) (eV) (V) (V)
WS, - 5.08 2.07 2.76 0.16 -3.01 069 -276 191 1.78
Mn-WS, -0.63 2.37 -0.09 -1.08 -2.55 246 -099 1.08 231 1.32
Fe-WS,  -2.11 2.87 0.57 -0.62 -2.05 -230 -1.19 062 185 1.07
Co-WS; -2.52 2.93 0.84 -0.30 -1.99 -2.09 -1.14 030 1.53 0.86
Ni-WS: -3.17 3.57 2.02 0.59 -1.35 -1.56 -143 -0.59 0.64 0.33
Cu-WS; -1.05 3.08 1.99 -0.28 -1.84 -1.09 -228 028 1.51 1.05
/n-WS,  -0.16 4.30 2.74 1.04 -0.62 -1.55 -1.70 -1.04 0.61 047

3.2. Adsorption of intermediates

The adsorption of the intermediates, such as OH, OOH, O, O,, HOOH,
and H>0O, on the catalyst surface plays an important role in the ORR and OER.
In this work, it is demonstrated by the absorption energy calculations (not
shown here) that all intermediates such as OH, OOH, O, O, and H,O prefer
to adsorb on the top of single transition-metal atom (STMA) rather than the
W or S site of WS, and the relaxed structures with intermediates adsorbed on
M@WS; catalysts are shown in Figure 2. Especially, O, molecule is usually

adsorbed on catalyst surface with two different adsorption configurations
11 / 34



such as side-on and end-on configurations [35]. In this work, O, molecule

prefers to be adsorbed on STMA site with side-on configuration for all

M@WS, catalysts. Two non-equivalent bonds are formed while O, is

adsorbed on Co@WS,, Cu@WS, and Zn@WS,. Thus, two unequal bond

lengths are around 0.190 and 0.179 nm for Co@WS, 0.195 and 0.190 nm for

Cu@WS,, and 0.174 and 0.191 nm for Zn@WS,, respectively. For other

cases, the formed two bonds are almost equivalent with nearly equal bond

lengths, which is about 0.183 nm for Mn@WS; and Fe@WS, and 0.190 nm

for Ni@WS,, respectively. The bond length between two O atoms of O is

elongated from 0.123 to 0.142, 0.138, 0.136, 0.135, 0.133, and 0.132 nm for

Mn@WS,, Fe@WS,, Co@WS,, Ni@WS,, Cu@WS,, and Zn@WS,,

respectively, indicating that the O2 molecule is activated since the side-on

adsorption of O2 on M@WS?2 surfaces weakens O-O bonding. Additionally,

the O-O bond length decreases with gradually increasing the number of the d

electron and following the trend of Mn, Fe, Co, Ni, Cu, and Zn, which agrees

with the theory proposed by Bockris ef al [36]. Similarly, the doped Mn, Fe,

Co, Ni, Cu, and Zn sites act as the active center for all *OOH, *O, and *OH

adsorptions. It is noteworthy that OOH prefers to be adsorbed at the doped

STMA site with side-on configuration for Mn@WS; and Fe@WS,, and with

end-on configuration for other cases.
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Figure. 2 The most stable structures of various intermediates adsorbed on

different catalysts.

An important factor in the design of catalysts is the determination of

descriptors. The Sabatier principle in heterogeneous catalysis indicates that
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an ideal catalyst should bind molecules and intermediates, such as*O, *OH,
and *OOH, that are neither too strong nor too weak [34]. The calculated
adsorption free energies are shown in Table 2. Notably, all concerned
oxygenated intermediates (*O, *OH, and *OOH) are moderately adsorbed
onto the Ni@WS; and Zn@WS, catalysts. Meanwhile, the adsorption free
energy is either too strong or too weak for the oxygenated species on other
M@WS, (M = Mn, Fe, Co, and Cu) catalysts. As a result, the Ni@WS, and
Zn@WS; catalysts are expected to present smaller overpotentials than others.
Furthermore, one can see that the adsorption energies of intermediates in
multistep reactions are nearly correlated with each other, exhibiting a linear

so-called scaling relation as,

AGaoon = (0.93 £0.09) AGon + (3.33 +£0.13)(22)
AGao = (1.25 £ 0.28) AG+on + (1.49 £0.20) (23)

As displayed in Figure 3, we can see that a better linear correlation of
AG+oon vs. AG+on than that of AG+o vs. AG+on, indicating that AG+on can be
regarded as a descriptor. Additionally, it is worthy of noting that the slope
(0.93+0.09) of the linear scaling of AG+oon vs. AG+on is different from that
(1.25+0.28) of AG+o vs. AG+on, which is probably related to the difference of
the local bonding states around the active metal center. For example, the slope
(0.93+0.09) of is very close to 1 for the linear correlation of AG+o vs. AG+on,

indicating that both the adsorbates of *OOH and *OH mainly form an
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oxygen-metal single bond while *O binds to the catalyst through a double

bond.

AG,y AG.goy (eV)
(s8]

I 1 s 1 L I s 1

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

AG.on

Figure. 3 Linear scaling relationships between AG+oon or AG+o, and AG+on

for the M@WS, (M = Mn, Fe, Co, Ni, Cu, and Zn).

3.3. OER and ORR performance
3.3.1. ORR process

Typically, the Gibbs free energy diagram can be constructed from
calculated values of reaction free energy change (AG), and the reaction step
with the highest AG is determined as the activity-determining step (ADS),
which is used to calculate the theoretical overpotential value for a reaction
[37]. Thus, the AG of the ORR step is calculated at U =0 V and summarized
as Gibbs free energy diagram (Figure 4). As shown in Figure 4 (b-h), 1* and
3 steps are uphill and 2™ and 4™ steps are downhill for the ORR process of

2D WS, and the formation of *OH from *O (3" step) is its ORR ADS due to
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the largest AG; value (0.69 eV).
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Figure. 4 (a) Changes in the reaction free energy (AG) and free energy

diagrams calculated at U = 0 V for the ORR of M@WS; (M = Mn, Fe, Co,

Ni, Cu, and Zn).

Furthermore, one can see that the largest AG4 values of 1.08, 0.62, 0.30,

0.28, and -0.59 eV indicate that the ORR ADS is the formation of a H,O
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molecule from *OH for Mn@WS,, Fe@WS,, Co@WS,, Cu@WS,, and

Ni@WS, respectively. The ORR ADS is the formation of *OOH from O, for

Zn@WS; due to the largest AG; value of 0.62 eV. Thus, the thermodynamic

overpotentials could be calculated from the obtained Gibbs free energies and

they are about 1.91, 2.31, 1.85, 1.53, 1.51, 0.64, and 0.61 V for 2D WS,,

MH@W52, FG@WSQ, CO@WSz, Cu@WSz, Ni@WSz, and ZH@W32,

respectively, revealing that the ORR performance can be effectively improved

by all STMA doping but Mn.

Z
5 2
£
=
2 [ N R
=
= 1
£
i &'
= =
= 1
= 0 T
= -
c. / o
= o @
s B 3
s
I AR 2
B2
!
=
) 1 1 1 1
-1 0 1 2 3
AG. oy (eV)

Figure. 5 The ORR thermodynamic activity volcano curve of limiting

potential (U;) vs. AG=op.

Furthermore, the thermodynamic activity volcano curves are plotted in

Figure 5 to reveal the relationship between the ORR overpotential and AGxop.

It is worthy of noticing that the standard equilibrium potentials (U;) of steps

(2)-(5) are obtained by the precondition of setting AG; =0 (i=1, 2, 3, and 4).

All U; are represented using only AGson in combination with the linear
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relationships with AG=oon and AG=o expressed by Eqn. (22) and (23).

Therefore, the specific model relations are obtained defined by Eqn. (24)-(27),

which yield the correlation of the ORR overpotential with AG+on.

eU,=1.59 — 0.93 AGon (24)
eU,=1.84 —0.32AGon (25)
eUs =1.49 +0.25 AGuop (26)

eU, = AGuon (27)

As shown in Figure 5, if AG+on > 0.82 eV, U, presents the minimum

value amongst four standard equilibrium potentials, indicating that Eqn. (2)

is ADS that determines the overpotential of the overall ORR. With decreasing

AG+on (namely, increasing the adsorption strength of *OH), the reaction

overpotential decreased. Especially, the ORR overpotential reaches its

minimum at the cross-point, at which the curve of U; vs. AG+on intersects with

that of Uy vs. AG+on. If the AG+on value decreases further, Us becomes the

minimum value, indicating the ADS changes to be the formation of H,O

molecule from *OH, and the reaction overpotential increases. It means that

the thermodynamic activity volcano curve (as shown in Figure 5) is defined

by the U; vs. AG=on and Us vs. AG+on curves at the region with weak and

strong *OH adsorption, respectively. Apparently, the relative activity can be

easily determined using the abovementioned thermodynamic activity volcano

curve for M@WS; ORR catalysts. As a result, Ni@WS; and Zn@W S, present
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relatively small overpotentials because they are located near the top of the

activity volcano curve, which results in a moderate adsorption strength of

*OH. On the contrary, a rather poor ORR activity is obtained for Mn@WS,

and Fe@WS: due to their excessively strong *OH adsorption.

(@)= 4r X o (b) 2.4

=
=Mn-WS,

Overpotential (V)
= Fe-WS,

=
Co-WS,
Zn-WS,
\u-“‘-\

Ni-WS,

The change of reaction free energy (eV

0.4 0.8 1.2 1
AG*O-AG*OH (eV)

Figure. 6 (a) Changes in the reaction free energy (AG;’) and (b)
thermodynamic activity volcano curve at U =0 V for OER of M@WS, (M =

Mn, Fe, Co, Ni, Cu, and Zn).

3.3.2 OER process

Similarly, the reaction free energy change at U =0 V for OER process is

depicted in Figure 6a. As depicted in the figure, the formation *OOH from

*Q (3" step) is the OER ADS for the pristine 2D WS,, Fe@WS,, Co@WS.,

and Ni@WS,. The 2" step of the formation *O from *OH is the ADS for

Cu@WS; and Zn@WS,, while the formation of H,O from *OOH is the ADS

for Mn@WS,. 1t is revealed that the OER performance is enhanced by the

STMA doping in the order of 2D WS, < Mn@WS;, < Fe@WS, < Cu@WS, <

Co@WS, < Zn@WS, < Ni@WS; in terms of thermodynamics. Besides,

(AGx0-AG+on) has been identified as a descriptor to indicate the dependence
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of the OER overpotential on (AG+0-AG=on) (Figure 6b). Firstly, an inverted

thermodynamic activity volcano curve can be observed, which can be applied

to predict the thermodynamic activity of OER performance. One can see that

Zn@WS; and Ni@WS; locate near the valley of the inverted volcano curve,

indicating that they might exhibit good OER activity. In detail, the

overpotentials are about 1.78, 1.32, 1.07, 1.05, 0.86, 0.47, and 0.33 V for 2D

WSz, MH@WS2, Fe@WSQ, Cu@WSz, CO@WSz, ZH@WSQ, and Ni@WSz,

respectively. In particular, a surprisingly low potential of 0.33 V is obtained

for Ni@WS,, which is better than that of the best-reported electrocatalyst [rO»

(0.4 V) [38] and approves its superior OER electrocatalytic activity. The

unusually high overpotential rules out Mn, Fe, Co, and Cu doped 2D WS,

serving as OER catalysts, inferring that either *OH is difficult to be formed

from or it cannot proceed to form *OOH easily when the adsorption of oxygen

on the catalyst surface is too weak or too strong, respectively. In other words,

too strong or too weak adsorption of the oxygenated adsorbates is detrimental

to promote the OER activity. Hence, evaluating a thermodynamic activity

volcano curve is an effective way to screen out new potential catalysts.

Additionally, the Pourbaix diagram, the external potential (Urng) as a function

of pH value, is theoretically calculated by using Nernst equation [39] and
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depicted in Figure 7.
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Figure. 7 The Pourbaix diagrams of the ORR (a) and OER (b) for the

M@WS, (M = Mn, Fe, Co, Ni, Cu, and Zn). For comparison, the reversible

3.4. Electronic properties

To better understand how the impact of the STMA doping on ORR/OER
activation, the electronic properties are further computationally analyzed. As
an example, the density of states (DOS) of the pristine and Ni-doped 2D WS>
are compared and shown in Figure 8. As seen, in pristine 2D WS, the DOSs
are mainly originated from W 5d and S 3p states in either valence or
conduction bands within the energy range from -7 to +3 eV, whilst a strong
hybridization between W 5d and S 3p states can be observed, revealing the
nature of the covalent bonding between W and S atoms. The Fermi level (Er)
is positioned within a band gap of around 1.63 eV. There is no state around
Er, indicating that the surface of pristine 2D WS, tends to be inert and
unfavorable for the further protonation of oxygen species. In contrast, the

impurity peak, mainly comprising 3d states of transition metal atom, usually
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appears near Er in the DOS for most doped 2D WS, materials. Therefore, a

distinct decrease in the band gap occurs. Taking Ni@WS, as an example

(Figure 8b), Ni doping introduces some states at the top of the valence bands,

meanwhile, W 5d and S 3p states move towards lower energies a little bit,

resulting in a reduced band gap compared to that of the pristine 2D WS,. We

know that a small band gap means that the electrons are easily excited from

the valence to the conduction bands. Thus, decreasing band gap can

effectively increase carrier concentration and the electronic conductivity,

promoting the ORR/OER performances.

(a) 30 (b) 40

—S3p

Density of States (states)
Density of States (states)

%
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Figure. 8 The DOSs of (a) 2D WS, and (b) Ni@WS»

Furthermore, we know that the electronic interaction between the

oxygenated adsorbate valence states and the STMA d states gives rise to the

bonding and antibonding states, and the electron filling of the antibonding

states reflects adsorbate—metal bond strength. The well-established d-band

center theory is an outstanding descriptor that links the electronic structure to

adsorption strength, and finally to catalytic activity [40]. As depicted in
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Figure 9, a roughly linear scaling correlation between the adsorption free

energy AGsygs of different oxygenated intermediates and d-band center (Eq)

can be verified. One can see that the Eq moves gradually towards Er from Zn

to Mn, resulting in an increase of the adsorption interaction between the metal

atom and the oxygenated adsorbates. In other words, with respect to Ef, the

higher is the Eq, the stronger is the adsorption ability with the oxygenated

adsorbates, and more difficult is the desorption of the reaction products. The

specific Eq of Ni@WS; corresponds to the moderate adsorption for the

oxygenated adsorbates (neither too strong nor too weak) compared to other

catalysts, giving rise to the lowest overpotential for OER. It indicates that the

ORR/OER overpotentials are correlated to the Eq and a good catalytic activity

could be achieved for the catalyst with the moderate value of Eg,

corresponding to the moderate adsorption for the oxygenated adsorbates.

5k — AG.gy
—— AGug
4r AGagon

AG., (€V)
2

d-band center (eV)
Figure. 9 The adsorption free energies of reaction intermediates as a

function of the d-band center energy for the M@WS, (M = Mn, Fe, Co, Ni,

Cu, and Zn).
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It is known that the adsorption energy of adsorbate is dominated by the

local density of states at the catalyst surface. To deeply comprehend the

activation of the oxygenated adsorbates (such as *O, and *OH) by transition

metal atom, the spin polarized PDOSs are computed for Ni@WS,. As

depicted in Figure 10 (a-d), the Ni dopant efficiently captures O, and OH

through the hybridization between the oxygenated adsorbates such as *O, or

*OH species and Ni 3d orbital. The corresponding hybridization validates

possible charge transfer between the highly active partially occupied d-orbital

of Ni atom to the half-filled O 2p orbital, activates the adsorption of *O, or

*OH on Ni@WS,, and benefits its catalytic activity. In addition, to clarify the

charge transfer, the charge density difference, taking *OH-Ni@WS, as an

example, is calculated from that of individual components of Ni@WS, and

*OH. As shown in Figure 10 (e-f), the depletion of charge at Ni atom (active

site) and accumulation around O atom in *OH adsorbate are observed. A

quantitative result about the transfer of charge of each atom in *OH-Ni@WS,

composite is estimated by Bader charge analysis. The O atom in *OH is prone

to gain electrons while both Ni (in Ni@WS») and H (in *OH) prefer to lose

electrons. Thus, the net charges of 0.34|e| migrate from Ni@WS; to the O

atom of *OH-Ni@WS, composite, indicating that highly efficient active Ni

site promotes Ni@W S, to become a promising OER electrocatalyst.
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Figure. 10 DOS of the O, and OH (b) species absorbed on pristine 2D

WS (a and b) and Ni@WS; (c and d); (e) optimized geometry of Ni@WS,
with *OH adsorbate, and (f) charge distributions between *OH adsorbate

and Ni@WS;. The negative (accumulation) and positive (depletion) charges

are represented by cyan and yellow colors, respectively.

4. Conclusions
In summary, the catalytic activity of STMA doped M@WS; (M = Mn,
Fe, Co, Ni, Cu and Zn) catalysts are systematically investigated using the

first-principle calculations. It is revealed that the STMA doping results in a
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distinct decrease in ORR and OER overpotential for almost all M@WS;
catalysts compared to the pristine 2D WS,. Especially, Ni@WS, and
Zn@WS; exhibit the potential to be the good candidate of electrocatalysts
toward OER processes with small overpotential compatible to the well-
known precious IrO, catalysts. The excellent OER electrocatalytic
performances for Ni@WS; arise due to its preferred location of the d-band
energy center, providing the moderate adsorption of oxygenated adsorbates
and giving rise to lowest overpotentials. The present work paves the way to
better design new electrocatalyst for OER process, which can be potentially

employed for water splitting, fuel cells, and metal-air batteries.
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