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Activating and tuning basal planes of MoO,, MoS,, and MoSe; for hydrogen evolution
reaction

Shi-Hsin Lin* and Jer-Lai Kuof

Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, Taiwan

We investigated the defected two-dimensional materials MoXs (X = O, S, Se) for hydrogen evo-
lution reaction by first principles calculations. While the basal plane is inert for pristine MoXs, we
found that the defected MoXs2 can adsorb hydrogen atoms at defect sites, with appropriate adsorp-
tion energies for hydrogen evolution. By analyzing density of states and charge density, we showed
that a dangling bond state slightly below Fermi energy emerges when a defect is created. We pro-
posed that this state is responsible for hybridizing with the hydrogen atom 1s state and hence the
adsorption. Knowing the mechanism, we further considered tuning the reaction by adatoms (several
first-row transition metals, B, C, N, O). We found that C and O adatoms can make defected MoXs
ideal for hydrogen evolution at higher defect level (H coverage).

I. INTRODUCTION

Hydrogen has been anticipated to be one of the fu-
ture clean energy sources, which has light weight, high
energy density, and in the mean time, being earth abun-
dant, and yet sustainable. The process that generates
hydrogen molecules, hydrogen evolution reaction (HER),
thus attracts a plethora of research efforts. Efficient and
stable catalysts, such as Pt, are desirable. However, Pt
is rare and expensive, therefore many of the efforts have
been made to search inexpensive alternatives.

Recently, several transition metal dichacogenides! ",
such as MoS,3 !4, have been proposed to be very effec-
tive catalysts for HER with much lower costs than noble
metals. For 2H-MoSs, the reaction rate per site surpasses
that of other common metals, and is slightly smaller than
Pt. The edge sites of the MoSs nanosheets are found to
be responsible for the HER?, with optimal operation at
the H coverage of about one-quarter. Compared to Pt,
which can operate at a H coverage around 1ML, the over-
all performance of MoSs thus can still not rival that of Pt.
The strategies that have been undertaken include fab-
ricating artificial structures to expose more edges with
state-of-the-art technologies®!!, and tuning the chem-
istry of the edge sites, to either make it more active or
make the optimal condition at higher H coverage. For ex-
ample, interlayer doping'® and different substrates'® can
have impact on the activity of the edge sites. It is nev-
ertheless hard to beat the number of active sites of a Pt
surface, if the basal planes of the two-dimensional (2D)
sheet are catalytically inert. Although the other ther-
modynamically metastable phase 1T-MoS, was shown
to have an active basal plane'?'7, it transforms back to
the energetically more stable 2H-MoSs on heating and
aging'® and the phonon dispersion also suggests that 1T
phase is not stable!®. We have addressed the HER us-
ing 1T’ phase, a reconstruction of 1T phase, of MXy (M
= Mo, W; X = S, Se, Te) in another work?’. Here we
therefore would like to explore whether the basal plane of
2H-MoS; (hereafter referred as MoS3) can be activated
to boost the overall reaction rate towards pragmatic com-
mercial scale application.

At the edge sites of MoSs, the translational symme-
try is broken, and the orbital hybridization and the cor-
responding density of states and chemistry would differ
from that of its bulk. For example, the (1010) Mo-edge
has smaller S/Mo ratio compared to the bulk counter-
part (catalytically inert) and is catalytically reactive®.
We hence investigated the HER at S defects of basal
planes, wherein the translation symmetry is also broken
with smaller S/Mo ratio. Defected MoSy can present in
amorphous samples'?, which is readily available for large
scale production. Moreover, the defect level can be exper-
imentally controlled by applying Hs plasma treatment,
making this proposal of immediate relevance to experi-
ments and applications. We further extended our calcu-
lations to MoXs (X = O, S, Se) family, and illustrated
the microscopic mechanism responsible for the HER effi-
ciency. Based on the revealed mechanism, we addressed
the utilization of adatoms to alter the material proper-
ties. Hence in this work, we predicted the basal planes
of MoX5 can be activated by creating defects, and in the
mean time, we suggested that adatoms can be utlilized
to tune up the performance.

It has been demonstrated with density functional
calculations?! that a smaller absolute value of the free en-
ergy difference between the intermediate and final state
corresponds to a greater HER efficiency. Therefore in
this work we calculated the free energy difference AG of
the intermediate (H atom adsorbed on MoSs3) and final
state (MoSy and free Hy) obtained via?!:

AG=AFE+ AEzpg — TAS, (1)

where AF is the differential hydrogen chemisorption en-
ergy, AEzpg is the zero point energy difference between
the adsorbed state and the molecular state, T is the tem-
perature (room temperature adopted in this work) and
AS is the entropy difference between these two states,
which has been discussed in Ref. 21. We calculated the
differential hydrogen chemisorption energy by:

AE = % (E [MoSy +nH] — E[MoSs] — %E [Hz]) ;

(2)
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where E [MoSy + nH] is the energy of MoS; with n ad-
sorbed hydrogen atoms, E [Mo0S5] is the energy of MoSa,,
and E [Hs] is the energy of the hydrogen molecule. The
zero point energy is obtained by summing over the vibra-
tional modes of the H adsorbed on MoSs.

In Sec. II, we outlined the computation methods em-
ployed. We illustrated our results of defected MoOa,
MoSs, and MoSe; in Sec. III, and analyzed the mech-
anism of binding H atom. Knowing the mechanism, we
further demonstrated that adatoms can improve the HER
efficiency by increasing the optimal H coverage of de-
fected MoSs.

II. METHOD

We performed density functional calculations with
projector-augmented-wave (PAW) potentials®*2? using
the Vienna ab initio simulation package (VASP)?%25,
where generalized gradient approximation (GGA) in
Perdew-Burke-Ernzerhof (PBE)?¢ format were adopted
as the exchange correlation functionals. A plane wave
cutoff energy 460 eV were used together with the Bril-
louin zone sampling 4x4x1 k-point grid centered at the
I point. A 15 A vacuum layer was inserted to reduce
the artificial interlayer coupling. The structures were re-
laxed with the conjugate gradient method with the force
less than 0.01 eV/A . The obtained lattice constants for
MoOs, MoS,, and MoSe, are 2.81, 3.18 and 3,32A re-
spectively. We adopted DFT-D2 method?” to account for
the Van der Waals interaction through our calculations.

III. RESULTS
A. activate basal plane of MoX: by creating defects

We calculated the Gibbs free energy difference for pris-
tine and defected MoXs at various defect levels, as shown
in Table I. 4x4 supercells were used throughout this
work and the geometries of a pristine and defected MoS,
with a hydrogen atom adsorbed were shown in Fig. 1. S
atoms were removed to create S defects. For the pris-
tine cases, the free energy differences are all greater than
2 eV, comparable to half of the hydrogen molecule disso-
ciation energy, suggesting that the pristine MoXs barely
adsorb hydrogen atoms. The resulting free energies of
the intermediate state (the adsorbed H atom) are too
high so that the pristine MoX, are all inert for HER.
This conclusion drawn from our first-principles calcula-
tions is consistent with previous experimental findings®,
wherein the HER activities are correlated with the edge
dimensions. Meanwhile, once defects are created, the free
energy differences are reduced significantly for all three
MoX,. This indicates much enhanced H adsorptions on
MoX,, which mechanism will be discussed later.

For certain defect levels, such as MoSs_g.0625, and
MoOy_ (g.0625 to 0.25), the free energy differences are
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FIG. 1. The Gibbs free energy difference AG = AE +
AFEzpp — TAS for pristine and defected MoXs at various
defect levels are shown in (a), calculated by PBE functional
with dispersion correction. The shaded area is £|AG| of Pt
for adsorbate coverage 1/42". The creation of defects greatly
enhances the hydrogen atom adsorption and hence the HER.
The geometries of a pristine and defected MoS, (Mo: purple
ball, S: yellow ball) with a hydrogen atom (H: white ball)
adsorbed are shown in (b) and (c). Hydrogen is adsorbed at
the defect site for defected MoSs.

“WW

xT AE (eV) AEZPE — TAS(eV) AG (GV)

MoO2_, 0 +2.25 0.08 +2.33
0.0625 -0.14 0.25 +0.11
0.1250 -0.24 0.25 -0.00
0.1875 -0.35 0.23 -0.12
0.2500 -0.36 0.25 -0.11

MoS2 0 +1.84 0.22 +2.06
0.0625 -0.29 0.22 -0.07
0.1250 -0.41 0.22 -0.19
0.1875 -0.49 0.22 -0.27
0.2500 -0.41 0.22 -0.19

MoSez—, 0 2.04 0.16 2.20
0.0625 -0.40 0.21 -0.20

TABLE I. The Gibbs free energy difference AG = AFE +
AFEzpr —TAS for pristine and defected MoX2 at various de-
fect levels. For certain defect levels, such as MoS2_¢.0625, and
MoO,_ (9.0625 to 0.25), the free energy differences are nearly
vanishing, making the corresponding defected MoXs highly
effective for HER. (Two of the frequencies of the vibrational
modes for MoO; are imaginary.)

nearly vanishing, making the corresponding defected
MoX,, highly effective for HER. This can shed light on the
recent experimental finds that amorphous MoS3; shows
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FIG. 2. Projected density of states prior to the H adsorption of pristine (a) MoOa2, (b) MoS2, and (¢c)MoSe2, defected (d)

MoOz, (e) MoSz, and (f)MoSez and posterior to the H adsorption of defected (g) MoOs2, (h) MoS2, and (i)MoSes.

better HER catalytic activity than polycrystalline and
single crystalline MoS; and MoSs particles?®. As more
defects are created, the adsorptions are further enhanced
for all MoX, systems. The adsorptions are eventually
too strong, causing reduction of HER efficiency. Com-
paring oxides, sulfide, and selenide, for a 4x4 supercell,
MoO, has the weakest adsorption energy for one defect
and therefore is efficient for HER at higher defect levels
(4 defects). MoS; is ideal only for one defect. The ad-
sorption of hydrogen atoms on MoSe; is too strong for
the purpose of HER, and thus might only applicable at
even lower defect level. We concluded that suitable defect
levels for MoXy should be adopted and can be achieved
experimentally by controlling the Hy plasma treatment
time. Among the MoXs, MoO5 can function at higher H
coverage than MoS,, and is suggested to attribute to the
excellent performance of amorphous samples?’

To elucidate the adsorption mechanism, we analyzed
projected density of states (PDOS), as shown in Fig. 2
Prior to the adsorption, the PDOS of defected MoSs
shows one peak above the Fermi energy and one peak
below, which are absent in pristine MoS,. Posterior to
the adsorption, the peak below the Fermi energy disap-
pears, suggesting that this peak of states are responsible
for hybridizing with H 1s orbitals. The hybridization
mixes this peak of states and H 1s, and leads to further
split anti-bonding and bonding states. If the hybridiza-
tion is strong enough or the states participated are close
enough to Fermi energy, the formed anti-bonding states
can be shifted above the Fermi level. As a result, the elec-
trons fill only the bonding states and the energy of the

system is lowered, which is the adsorption energy gain.
Hence defects can switch on the H adsorption. As such
peak of states slightly below Fermi energy are absent in
pristine MoS,, pristine MoS, is not capable of binding
H. It is demonstrated by the large free energy difference
discussed above. This feature of PDOS is found in all
three MoXs, and all defected MoXs can adsorb H much
stronger than pristine ones. Similar analysis on DOS had
been proposed for transition metal catalysts, wherein d
band center was adopted as a descriptor3? 32,

The two peaks that are missing in pristine MoSs cor-
respond to dangling bond states (Mo d orbitals) when
creating S defects. They are localized in the vicinity of
defect sites. We further calculated the band structures of
pristine and defected MoSs, and the partial charge den-
sities of these two localized bands, shown in Fig. 3. The
two emerging flat bands in Fig. 3(b), which are the two
peaks shown in PDOS, have very different charge den-
sity distributions. The charge density of the band above
the Fermi level is vanishing at the defect site (Fig. 3(c)),
while that of the band below is characterized by a trian-
gular shape centered at the defect (Fig. 3(d)). It is con-
sistent with the picture discussed in the paragraph above
regarding the PDOS (Fig. 2), the former peak is almost
intact after adsorption, and does not participate in the
hybridization since its wave function does not overlap
with H 1s well. The latter peak, nevertheless, are largely
modified as its wave function overlaps with that of H
1s, which results in the hybridization and modification
of PDOS.

Regarding the comparison of MoOs, MoS,, and MoSes,



Physical Chemistry Chemical Physics

(a) prinstine MoS, (c)

TE S EE L LR

A i e ol o i

FKe A AN AN

i’ 2S¢ T 3¢y

PN PP PN

a4 0 ) R g G (i
H AN NI NN

P NN PPN

r
(d)

1 A AN R

_ T A AR A AN A

3 Of 1 Ao Bl

3 ] = R AR Gl KM J(

o -1E - L LAy Ll L%

© ISP TVSPE
-2 A AN AN AN A

»wﬁ‘ BN R ,3—"(*"\{2 - Q(
r M K r

FIG. 3. Band structure of pristine MoS; is shown in (a),
defected MoS; (one defect) in (b). (c) and (d) show the charge
densities of the two flat dangling bond bands, above and below
Fermi energy.

the PDOS of MoOs below Fermi energy spread more
sparsely than the others, likely attributing to the weaker
adsorption at the same defect level. On the contrary,
the PDOS of MoSe; below Fermi energy is squeezed
more towards the Fermi energy and the dangling bond
peak below Fermi energy has a slightly wider shoulder
than MoSs. As a result, it could lead to a stronger hy-
bridization and consequently stronger adsorption than
MoSs. Therefore our PDOS analysis suggests that re-
ducing those peak of states below Fermi energy can in
principle weaken the adsorption such that the ideal free
energy difference can be achieved at higher H coverage.
We have further exploited this approach and discussed in
the next section.

B. tuning HER with adatoms

Following the last paragraph, to enhance HER, there
can be several ways to reduce or perturb the states below
Fermi energy, such as:

e substitution of elements: for example doping!® and,
as we addressed in the previous section, substitu-
tion of S with O to increase the H coverage.

e substrates: substrates can fine tune the electronic
structures as discussed in the case of MoS; edge!S.

e strains: 2D materials are known to be able to sus-
tain sizable strains. Hence strains can modify the
electronic states effectively®*36. It was reported

for some systems®.

4

e adatoms or clusters: as we only need to alter
the chemical environment locally near the defects,
adatoms can be used to perturb those states near
Fermi energy. This method can be relatively simple
experimentally, and might even applicable to some
amorphous samples, which can be of paramount
importance to industrial scale production.

In this section, we therefore propose to utilize adatoms
to tune HER, which to our knowledge haven’t been re-
ported.

In practical devices, 2D materials are deposited on
substrates as electrodes. Au, highly ordered pryolytic
graphite, graphitic carbon, and carbon cloth have gener-
ally been adopted for the substrates. As lattice imperfec-
tion, defects are not unusual, there could be carbons with
low coordination numbers interact with the supported 2D
materials. On the other hand, during fabrication there
are generally Ny and Og in the chamber, and hence in-
evitably these molecules can interact with the 2D ma-
terials as well. Thus a suitable consideration of effects
of adatoms is not only useful in tuning HER, but also
necessary in terms industrial applications. It is also pos-
sible to disperse metals onto the 2D materials to alter the
density of states near Fermi energy. We hence calculated
the adsorptions of defected MoSs decorated with several
types of transition metals (early, middle, and late), B, C,
N, and O at various sites. These include (1) the S on the
opposite side of the defect (S site), (2) the Mo adjacent
to the defect, on the opposite side of the defect(Mo site),
and (3) the hexagonal center site surrounding the defect
(HEX site). The adsorption sites and energies AE,q of
the adatoms, and the corresponding adsorption energies
and free energies of the hydrogen atom is shown in Ta-
ble II and discussed below.

i 1 Mo 4d,, + 4d,, —
Q N s
a \ Do C2p
o Wi
L AN \/J\ N }\ Iy
1 1 1 /\\ﬂ ‘ /
6 -4 -2 0 2 4
energy (eV)
FIG. 4. PDOS at the S defect site of defected MoSs with

C adatom under one of the adjacent Mo. The two dangling
bond peaks near Fermi energy for defected MoSy (Fig. 2(e))
is split into three weaker peaks, and the resulting adsorption
is weaker. The charge density distribution corresponding to
these three peaks is shown above the plot.
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adatom site

AE.q (eV) AE (eV) AG (eV)

Sc Mo -3.06 -0.38 -0.18
Mn Mo* -1.62 -0.37 -0.17
hex -1.52 +0.27 0.47
Ni  Mo” -4.07 -0.31 -0.09
S -2.41 -1.70 -1.49
Zn  Mo* -0.22 -0.27 -0.06
S -0.12 -0.27 -0.05
hex -0.18 - -
B Mo* -4.14 -0.89 -0.64
hex -4.10 -1.44 -1.18
C Mo -3.71 -0.12 +0.12
S -2.24 -0.22 -0.01
hex* -4.26 -0.13 +0.12
N Mo -1.20 -0.31 -0.07
S* -1.71 -0.40 -0.17
hex -1.54 -0.57 -0.35
(0) S -3.84 -0.10 +0.11

TABLE II. The Gibbs free energy difference AG = AFE +
AEzprg — TAS for defected MoS2 with various adatoms.
We calculated by PBE functional with dispersion correction.
AF,.q is the adsorption energy of the adatom, and the pre-
ferred adsorption site (lowest AF,q) is marked with a su-
perscript asterisk. Our calculations showed that C and O
adatoms are effective in reducing the H adsorption and thus
can make the defected MoS, operate at defect levels (higher
H coverages).

We found C and O adatoms most effective in reducing
the adsorption energy, thus possibly having ideal HER
rate per site at higher coverage (defect level). C was
found to be able to adsorb on S site, Mo site, and HEX
site. When C is adsorbed below the S under defect, the
adsorption energy is slightly reduced. It is due to that
electrons of Mo are drawn to bind C, leaving less elec-
trons for the binding hydrogen states. On the other hand,
when adsorbed at Mo bottom and HEX sites the adsorp-
tion energy is much more reduced, as it more directly
perturbs the Mo d orbitals. As seen from the PDOS
and partial charge densities in Fig. 4, the two dangling
bond peaks that can participate in adsorption are split
into three weaker peaks. As less electrons can participate
in binding H, reduced dangling bond states correspond
to weaker adsorptions. At higher defect levels and more
adatoms, the same mechanism, wherein adatoms perturb
the dangling bond states, still holds. The effect could be
lessened only if those adatoms interact with each other
and form clusters, thus disturb the dangling bond state
less. But still it will weaken, not enhance, the adsorp-
tion, compared to the materials without adatoms, and
hence make the materials operating at higher, not lower,
defect levels for HER. When C is adsorbed above the Mo
(on the same side of the defect), the adsorption is en-
hanced. The peak of PDOS (not shown here) below the
Fermi energy is shifted towards higher energy (still below

Physical Chemistry Chemical Physics

the Fermi level), and it leads to the enhancement of the
adsorption. For O adatoms, the O can only be adsorbed
on the S site. The corresponding free energy difference
is comparable to that of MoSy with C adatoms on the
Mo and HEX sites. It suggests that O attachments are
beneficial to HER, thus the unavoidable oxidation in the
fabrication chamber, can actually promote the perfor-
mance of MoSs. However, if the O is on the same side of
the defect, O can fill the defect. As the reactive center,
the defect, is removed, the HER efficiency is diminished.
Therefore, the fabricated electrode should avoid to be
exposed to the air.

When transition metals are dispersed on MoSs, the
effect on HER is found to be weak. The early and mid-
dle transition metals (Sc and Mn) can lead to a slightly
stronger adsorption. With greater atomic numbers, late
transition metals Ni and Zn barely modify the hydrogen
adsorption of MoS,.

IV. CONCLUSION

We proposed to activate the inert basal planes of MoXs
(X =0, S, Se) by creating defects, and justified by first-
principles calculations using PBE functional and DFT-
D2 Van der Waals correction. We found that the recently
popular 2D material MoSs, if prepared with a suitable
defect level (MoS;_, with 2 = 0.625), can supply an ad-
sorption free energy AG ~ 0 for HER at basal planes.
Consequently, the reactions can take place at not only
edge sites, but also the activated basal plane defect sites,
making the number of active sites much increased. For
example, for a monolayer of MoSs with lateral size 5 nm,
the number of active sites for a defected sample can be
five times of that for a pristine one. For a sample with
dimension L, the number of active sites scales with L?
rather than L that is correlated with the edge sites in pre-
vious studies of pristine MoSs. Therefore, larger samples,
such as thin films and a few monolayers, can be advan-
tageous. Moreover, we discovered that defected MoOo
can function at even higher H coverage than MoS,. Our
PDOS analysis showed that a localized peak near Fermi
energy emerges as the defect is created. It corresponds to
the dangling bond localized at the defect, and is respon-
sible for hybridizing with the H 1s orbital. We there-
fore further considered utilizing adatoms to perturb this
peak to enhance HER. Our calculations showed that C
and O adatoms are effective in reducing the H adsorp-
tion and thus can make the defected MoS, operate at
higher defect levels (higher H coverages). Hence, we sug-
gest that the inevitable oxidation during fabrication and
amorphous carbon based substrates might be favorable
for the enhancement of the HER efficiency. In short, this
work predicted an experimentally accessible method to
activate basal planes of MoXs, which can furnish more
active sites than edge sites of previously studied pristine
MoSs. In the mean time, we suggested that adatoms can
help to tune up the performance.
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