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The exploration of cost-effective hydrogen evolution reaction (HER) electrocatalysts through water splitting
is important for developing clean energy technology and devices. The application of CoS; in HER has been
drawing more and more attention due to its low cost and relatively satisfactory HER catalytic performance.
And CoS, was found to exhibit excellent HER catalytic performance after appropriate doping according to
other experimental investigations. However, the theoretical simulation and the intrinsic catalytic
mechanism of CoS, remains insufficiently investigated. Therefore, in this study, density functional theory
is used to investigate the HER catalytic activity of CoS, doped with a heteroatom. The results show that
Pt-, N- and O-doped CoS, demonstrates smaller Gibbs free energies close to that of Pt, compared with
the original CoS; and CoS, doped with other atoms. Furthermore, HER catalytic performance of CoS,
can be improved by tuning d-band centers of H adsorption sites. This study provides an effective
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1 Introduction

The high combustion heat value, clean combustion products,
and abundant resources make hydrogen (H,) a distinguished
energy storage material. Producing hydrogen from the electro-
chemical decomposition of water (H,0), the commonly believed
future energy carrier,"* through hydrogen evolution reaction
(HER) has been proved to be a clean and renewable method.
However, the hydrogen production catalyst precious metal
platinum (Pt), the most efficient electrocatalyst for HER owing
to its high stability, low overpotential (about 0.08 V), as well low
Tafel slope,® has not been applied on large scales due to its high
cost and scarcity. Hence, it is quite necessary to find a new high-
performance HER catalyst.

In recent decades, transition metal sulfides (TMSs), such as
MoS,,*™° VS,,"** Co8S,,>'*2° NiS, (ref. 2, 7, 15, 21 and 22) have
been attracting attention from researchers and industry prac-
titioners. Though the effects of the aforesaid compounds as
hydrogen production catalysts had been considered in some
previous studies, the more recent ones show that some of them
such as HER electrode material can exhibit outstanding elec-
trocatalytic performance that is close to that of precious metals
(such as Pt). To further optimize the performance of the TMSs,
some other studies suggest the incorporating of a third
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heteroatom in a binary compound, which can improve the
electrocatalytic activity of the catalyst.”®

As a representative of pyrite-type transition metal sulfides,
CoS; is a low-cost catalytic material with excellent HER perfor-
mance. Unfortunately, when doping CoS, with a third hetero-
atom, no good descriptor can be found to describe the
relationship between the structure and activity of the doped
CoS,, and the inherent mechanism remains insufficiently
explored.

It is noteworthy that Hoffmann et al. found that the center of
the d-band formed by the TM turned out to be a good descriptor
to predict the adsorption and reactivity of transition metal
catalysts.>® Furthermore, an analogous model of d-band based
on surface resonance states has also been developed in the
transition metal carbides (TMCs),* metal nitrides (MNs),** and
layered TMSs.”” This can significantly contribute to the analysis
of structure-activity relationships in TMCs/TMSs, which can
further help improve the design and high-throughput screening
of catalysts. Many studies have also found that doping can
change the energy band structure near the Fermi energy, so as
to change the properties of materials.'***** Therefore, we take
interest in investigating the possibility to doped CoS, for high-
performance HER by tuning the d-band centers.

In this work, we study the effect of a heteroatom doping on
HER electrochemical properties for CoS, electrode material
based on density functional theory and explore the structure—
activity relationships. Herein, the models of the pristine CoS,
and doped CoS, were built, the stability, the catalytic activity,
and the d-band centers of the active metal sites of CoS, doped
with a heteroatom (Mn, Fe, Ni, Cu, Mo, Pt, Ru, C, N, O, P) are
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studied based on density functional theory (DFT). Our first-
principles calculations exhibit that the structures of all doped
CosS, except C-doped CoS, are stable, the catalytic behavior of
CoS, can be effectively enhanced after Pt, N, and O doping, and
the HER catalysis of CoS, can be changed by tailoring the d-
band centers of active metal sites. Our studies are of great
benefit to uncovering the intrinsic modulation mechanism of
CosS, for HER catalysis.

2 Computational methods

All density functional theory (DFT) simulations were employed
using the Generalized Gradient Approximation-Perdew Burke
Ernzerhof (GGA-PBE) was used for the exchange-correlation
term in the Spanish Initiative for Electronic Simulations with
Thousands of Atoms (SIESTA).>**' The geometric optimization
was employed using a conjugate gradient method until the
maximum force was less than 0.02 eV A~*. An energy cut-off for
all simulations was set to be 150 Ry.

2.1 Bulk CoS,

The k-point mesh is set as I'-centered 7 x 7 x 7 to relax the CoS,
unit cell with a space group of Pa3. The calculated CoS, unit cell
parameter is 5.544 A, which is highly consistent with the
experimental value (5.538 A).>** The optimized bulk structure
is shown in Fig. 1, where the big and small balls represent Co
and S atoms, respectively.

2.2 CoS,(001) surface

The (001) surface of CoS, is selected as the optimization model
owing to its stability,*> which is built as a 2 x 2 repeating
surface unit cells consisting of four S-Co-S atomic layers and 8
CoS, units. Cation-doped CoS, is acquired by replacing one Co
atom with one metal atom, and anion-doped CoS, is acquired
by replacing one S atom with one nonmetal atom. A vacuum
layer with a thickness of 15 A is introduced to reduce interaction
between periodic images.* The CoS,(001) crystalline structure
is represented in Fig. 2.

Fig. 1 The optimized structure of the bulk CoS,.
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Fig. 2 The crystallographic structure of CoS,(001) surface.

2.3 Binding energy

The binding energies (Ep) were first calculated to measure the
stability of CoS, after doping, Ej, is the difference between the
cohesive energy (E.opn) of cubic CoS, and the embedding energy
of the dopants (E.n,p) on the CoS, surface.*

Econ = Epuik — Eiso 1)
Eemb = Edopam+subs — Ligubs — Eiso (2)
Eb = Ecoh - Eemb (3)

where Ep, is the total energy of an atom in the bulk, Ejs, is the
total energy of an isolated atom, Eqopants+subs 1S the total energy
of doped CoS,, and Egyps is the total energy of CoS, with one
vacancy.

2.4 Gibbs free energy of H adsorption

Norskov et al.’> showed that with the absolute Gibbs free energy
of hydrogen adsorption (AGy+) approximating zero, the binding
between HER intermediates and the electrode surface was
neither too strong nor too weak, demonstrating a high catalytic
performance of HER. Hence, the (AGy+) as a significant factor of
measuring the HER catalytic activity is quite essential to is
calculated using reliable DFT simulations.*® In our work, the
HER catalytic properties in acidic media were investigated.
While considering the HER reaction process in acid, the Volmer
reaction® was selected under our calculations, because most
reactions occur in protic solution or involve proton as the
reactant:** H'(sol) + e~ — H*, where H* refers to H adsorbed on
the active site, and many studies analyze the electrochemical
catalytic properties of HER based on the Volmer reaction.? The
Gibbs free energy of hydrogen adsorption ((AGy+)) as a signifi-
cant factor of measuring the HER catalytic activity is calculated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding energies of doped CoS; (Ep, eV)

Cation Model Mn Fe Ni Cu Mo Pt Ru
Ey/eV  —2.89 —-2.02 —-1.67 —-0.96 —1.78 —1.41 -1.97

Anion Model C N (6] P
Eplev 1.96 —1.67 —2.27 —1.52

based on the Volmer reaction using the DFT method. Its defi-
nition is as follows*

where AEzpg is the difference in zero-point energy between the
adsorption state of H and gas phase, while AS is the difference
in entropy between the adsorption state of H and gas phase.?
AEy is the hydrogen adsorption energy. Given that the vibra-
tional entropy of H* in the adsorbed state is small, the entropy
of adsorption of —1/2H, is simplified as ASy = —1/ZSH2°, where
Sy’ is the entropy of H, in the gas phase at standard conditions.
Therefore, the overall corrections of AGy+ are®

AGH* = AEH +0.24 eV (5)

The hydrogen adsorption energy (AEy) on the electrode
surfaces is defined as

1
AE‘H = Esubs+H* - Esubs - EEHZ (6)
where Egps+n+ 1S the total energy of doped CoS,(001) with H*

adsorption, Egyps is the total energy of doped CoS,(001) without

View Article Online
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H* adsorption, and Ey, is the total energy for one hydrogen
molecule in the gas phase.

2.5 d-band centers

To further explore the possibility of enhancing electrochemical
performance of CoS, via doping, we calculated the d-band
center of the metal at active site.

The d-band center ¢4 is defined as

_ f:o p(e)ede
%, ple)de

where p are the densities of states and ¢ are the energies.

&4

3 Results and discussion

Some materials demonstrate good computational performance
but are difficult to synthesize due to their aggregation- or
clustering-related instability, which limits their application in
experiments or in practice.’” So, it is important to first investi-
gate the stability of CoS, in order to explore the possibility of its
synthesis. We use the binding energy (E},) descriptor to measure
the stability of doped CoS,, if, E, < 0, the atoms shows more
tendency of being incorporated into the CoS,(001) surface
rather than clustering or aggregation, and then we regard that
the material satisfies the stability criterion.** The calculated
binding energies are listed in Table 1. From Table 1 we can see,
E}, of all cation and anion doped CoS, except for C-doped CoS,
are less than zero, which demonstrates that it is energetically
possible for one cation dopant to replace one Co atom in the
CoS,(001) surface and for one anion dopant to replace one S
atom in the CoS,(001) surface. However, the binding energy is

-+ .-"/'/?i
Vig\Vig

==
-

2%a

side
view

Fig. 3
diagram of the pristine CoS,.
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Reaction coordinate

(b)

(a) Represents the H adsorption structure of the pristine CoS,, where H adsorbs at Co site. The green ball refers to H atom. (b) is AGy«
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1.96 eV when one S atom in the CoS,(001) surface is substituted
by one C atom, which is much higher than zero, indicating that
when one C is incorporated into the CoS,(001), it tends to take
the form of cluster or aggregation, which causes an unstable C-
doped CoS,(001) structure. Therefore, C will not be considered
as a heteroatom to form a HER catalyst.

After identifying the stability for a cation/anion heteroatom
incorporated into the Co0S,(001) surface, the state of the
adsorbed H was discussed according to H adsorption energy.
The negative value means that H is easy to bind to the
C08S,(001).3**° The value of adsorption energy for 11 doped-CoS,
are from —1.43 eV to —2.46 eV, which indicates that it is feasible
to H bind to the surface of C0S,(001). Moreover, the catalytic
performance for HER of the CoS,(001) with and without cation/
anion heteroatom doping was investigated. To determine
whether CoS, is an outstanding HER catalyst, the Gibbs free
energies (AGy~) for hydrogen adsorption at active metal sites
were calculated based on the DFT method. Fig. 3(a) is the
relaxed crystallographic structure of H adsorption at the Co site
for the pure Co0S,(001), in which the green ball refers to H atom.
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The Co-H bond length is 1.50 A. The calculated |AGyy+| of the
pure CoS,(001) is 0.25 eV, as shown in Fig. 3(b), which is larger
than that of the precious metal Pt (0.08 eV).? In order to further
probe the effect of heteroatom atoms on electrochemical HER
catalytic performance for CoS,(001) as electrode material, the
AGy~ of cation- (Mn, Fe, Ni, Cu, Mo, Pt and Ru) and anion- (N, O
and P) doped CoS, are calculated using the DFT method.
Fig. 4(a) and (c) show the calculated AGy~ of H adsorption at the
active metal sites for cation- and anion-doped CoS,(001),
respectively. In Fig. 4(a) and (c), AGy« of Ni-doped Co0S,(001) is
—0.12 eV, that of Pt-doped C0S,(001) is 0.03 eV, that of N-doped
Co0S,(001) is 0.07 eV, and that of O-doped C0S,(001) is —0.01 eV.
Compared with that (0.25 eV) of the pure CoS, electrode, the
|AGy+| of Ni-, Pt-; N-, and O-doped CoS,(001) electrode are much
smaller when H is adsorbed at metal sites. It is noteworthy that
|AGy+| of Pt-, N-, and O-doped C0S,(001) is smaller than that of
Pt (0.08 eV), revealing their potential excellent electrochemical
HER catalytic performance. And |AGy+| of O-doped CoS,(001) is
closest to zero, which suggests that O-doped CoS, show the best
HER catalytic activity among these doped CoS, material.

L (a)

Ni —0.12 eV-+

;

;

M
O ’

" e—

R Ru

Reaction coordinate

- (¢)
L anionic site
0.1 F N 0.07eV
> C _ . g
© 0k H*+e 2~ 0 —0.01 eY:_ 1/2H,
< E "\\ ,:"
-0.1 - \ /
02 F
B \ P !
- ——
0.3 . _
Reaction coordinate
Fig. 4

(a) and (b) are AGy+ diagram and the structure of Pt-doped CoS,(001) with H adsorption at Pt site, respectively. (c) and (d) are AGy«

diagram and the structure of O-doped CoS,(001) with H adsorption at Co site, respectively. The blue, dark red, dark green, red balls and light
green ball are Co, S, Pt, O and H atoms, respectively. Pt—H bond length is 1.66 A and Co—O bond length is 2.21 A.
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Fig. 4(b) and (d) show the optimized structures of the Pt-doped
Co0S,(001) with H adsorption at Pt site, Pt-H bond length is 1.66
A, and that of the O-doped Co0S,(001) with H adsorption at Co
site, Co-H bond length is 1.51 A, respectively. To further explore
why the electrochemical HER performance of CoS, at active
metal sites via doping can be enhanced, the d-band centers of
the active metal sites were calculated using the DFT method. We
plotted in Fig. 5 the density of states for active metal sites used
to H adsorption and marked the d-band center at active metal
site with a dashed line. The d-band center of Co active site for
the pristine CoS, is —2.06 eV and it is closest to the Fermi level.
The d-band center of Cu active site for Cu-doped CoS, is
—6.01 eV and it is farthest to the Fermi level. Meanwhile, AGy+
for Cu-doped CoS, is 0.71 eV. To further probe the relationship
between the d-band center of active metal site used to H
adsorption and the Gibbs free energy of H adsorption on the
active metal sites, a more detailed analysis diagram is plotted in
Fig. 6. We can see from Fig. 6 that AGy~+ increases as the d-band

10
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centers of metal active sites decrease, which clearly illustrates
that the binding between H adsorption atom and metal atom at
the active site is weakened as the d band center is far away from
the Fermi level. Our results just described are in line with
investigations in the AGy+ and d-band centers based on other
materials.”® This study reveals an intrinsic mechanism that d-
band center of active metal site moves downwards after
doping, leading to the weakening of hydrogen adsorption,
which facilitates the desorption of H from the surface of CoS, as
HER electrode material.

Based on our DFT calculations, we can find that Ni-, Pt-, O-,
and N-doping can intrinsically promote the electrochemical
HER catalytic performance of CoS, and a line in AGy+ and d-
band centers of H adsorption sites is achieved. The Pt-, O-,
and N-doped CoS, show overpotentials of 0.03 V, 0.01 V, and
0.07 V, respectively, which are very close to values when using
Pt, which is believed to be the best catalyst for the HER because
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Fig. 5 The density of states at active metal sites. The dashed line marked the d-band center. The Fermi energy is set to zero.
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Fig. 6 The linear relationship between AGy+ and d-band centers of H
adsorption sites.

of its small overpotential (about 0.08 V).* Therefore, the CoS,,
after doping by Pt, O, and N becomes a promising catalyst.

4 Conclusions

In summary, we studied HER catalytic activities of cation/anion-
doped CoS, as HER catalyst based on the DFT method. Our
results reveal that the Pt-, N- and O-doped CoS, possesses an
outstanding HER catalytic activity comparable to Pt. And
a negative linear relationship was identified between AGy+ and
d-band centers of active metal sites. This exhibits that d-band
center of active metal site moves downwards after cation/
anion doping, leading to the weakening of hydrogen adsorp-
tion and facilitating the H desorption from the surface of CoS,.
Therefore, the intrinsic HER catalytic performance of CoS, can
be improved by tailoring the d-band center of the active metal
site. Based on this study, we can further explore the relationship
between the structure and activity of CoS,, which may shed light
on the exploration of the potential use of other TMSs as HER
electrode materials.
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