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ABSTRACT

Defect engineering is one of the effective strategies to optimize the physical and chemical properties of molybdenum disulfide
(MoS,) to improve catalytic hydrogen evolution reaction (HER) performance. Dislocations, as a typical defect structure, are
worthy of further investigation due to the versatility and sophistication of structures and the influence of local strain effects on the
catalytic performance. Herein, this study adopted a low-temperature hydrothermal synthesis strategy to introduce numerous
dislocation-strained structures into the in-plane and out-of-plane of MoS, nanosheets. Superior HER catalytic activity of
5.85 mmol-g~-h™" under visible light was achieved based on the high-density dislocations and the corresponding strain field. This
work paves a new pathway for improving the catalytic activity of MoS, via a dislocation-strained synergistic modulation strategy.
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1 Introduction

In recent years, among the non-Pt-based catalysts, the layered
transition metal dichalcogenides (TMDs) nanomaterials with
MosS, as representatives are considered as promising candidates
for HER catalyst [1, 2]. Defect engineering has been widely used to
optimize the HER catalytic activity of MoS, [3-11]. Dislocations,
as a special type of defects, are considered as attractive design
targets for heterogeneous catalysis because they are stable under
many catalysis-related conditions and will produce a large amount
of disturbance when they intersect with the surface [12-18].
Recently, researchers have been committed to improving the
inherent catalytic performance of MoS, by dislocation
engineering. Wang et al. systematically evaluated various
structural defects on the base plane of MoS, The Gibbs free
energy calculated by first-principles demonstrated that the HER
catalytic efficiency of MoS, could be greatly improved by
introducing dislocation into MoS, domains [19]. Subsequently,
Liu et al. grew wafer-level atomic thin-film TMD with ultra-high-
density grain boundaries (GBs) on SiO, substrate, showing
favorable HER performance and proving the inherent high
excitation activity of TMD GBs [20]. Nevertheless, this approach is
only effective for flat MoS, catalysts due to the substrate used and
is thus unsuitable for large-scale synthesis. In the previous studies,
it has been demonstrated that the dislocation with internal strain
could trigger the catalyst surface deformation by bulge or
depression [21-25]. It inspires us to design the high-density

dislocation with strong strain on MoS, for high-performance
HER. On one hand, engineering the dislocation with the strain
effect could fine-tune the electronic structure of the active site by
moving the d-band center of the S atom down to the Fermi level,
which allows AGy. close to zero, thus improving the HER
performance [26-30]. On the other hand, the resulting stacking
fault can connect interlayers and provide an electron transfer
network to ensure the vertical conductivity for better HER activity
[31-33]. Given this, designing high-density dislocation is an
effective method to realize the high-efficiency HER performance
of MoS, catalysts. However, it remains a grand challenge to
synthesize high-density dislocation of MoS, nanosheets with strain
in realistic HER application.

In this work, a combination of ex-situ high-resolution
transmission electron microscopy (HRTEM) and geometric phase
analysis (GPA) was used to study the in- and out-of-plane
dislocation and strain distribution of MoS, nanosheets. Density
functional theory (DFT) results revealed that exploring
dislocations on the MoS, nanostructures could adjust the
electronic structure and optimize hydrogen adsorption free energy
(AGyy) close to zero. The dislocation-strained MoS, nanosheets
had high-density active sites, low charge transfer resistance, and
excellent stability when they were used as HER catalysts. The
dislocation-strained MoS, (D-S-MoS,) prepared by the low-
temperature hydrothermal method opens up a new way for the
design of high-efficiency MoS, based HER catalysts.
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2 Results and discussion

Dislocations are usually composed of different structural motifs,
including the arrangement of pentagon-heptagon cores (57),
quadrilateral-hexagon cores (4]6), hexagon-octagon cores (6|8),
and quadrilateral-octagon cores (4|8) [34-37]. Among them, 5|7
core is easier to acquire in the experiment due to its lower
formation energy and smaller Burgers vector [35,38,39]. The
electronic properties of MoS, with 5|7 dislocation cores were
calculated, as shown in Fig. 1. DFT calculations of the band
structure in Fig. 1(a) suggest that when the 5|7 dislocation core is
formed, the bandgap is significantly narrower than that of the
original defect-free 2H-MoS, (from 1.670 eV to 1302 eV),
accompanied by the generation of defect energy levels. These
drastic changes indicate that dislocation has a significant influence
on the electronic structure of MoS,. The dislocation energy level
can change the current orbital energy level, ie., to reduce the
transition energy from valence band (VB) to conduction band
(CB) and significantly improve the electron transferability. Locally
increased electron affinity can attract protons [40]. These partially
negative charges caused by dislocation can greatly promote the
capture of positively charged H species. The visualized highest
occupied molecular orbitals (HUMOs) and lowest unoccupied
molecular orbitals (LUMOs) intuitively reveal the electron transfer
of MoS, with dislocation defects. As shown in Figs. 1(b) and 1(c),
the charge is mainly concentrated around the 5|7 dislocation core,
indicating its predominant electron transferability. The generation
of dislocation would increase the affinity of the original inert base
with less catalytic activity to electrons, making it easier to capture
the positively charged H.

Under the guidance of theoretical calculation, MoS, nanosheets
with high-density dislocations were synthesized by the low-
temperature hydrothermal method, and the 5|7 dislocation core
structure was also observed by HRTEM characterization (Fig. S1
in the Electronic Supplementary Material (ESM)). Generally, in
the traditional high-temperature hydrothermal synthesis process,
the reaction is sufficient to form MoS, nanosheets with higher
crystallinity and fewer defects [41]. To introduce dislocation
defects, a long-term low-temperature hydrothermal reaction (an
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Figure1 Electronic properties of dislocation defects. (a) Band structure (left)
and density of states (DOS, right) of MoS, with 5|7 dislocation core. (b) and (c)
Visualization of HUMO-LUMO energy level structure.
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improved one-pot hydrothermal method) was used to make the
dislocations trapped in the crystal by lattice distortion and
kinetics [42].

The formation process of D-S-MoS, is displayed in Fig. 2(a).
MoS, nanoflowers with high-density dislocations can be prepared
by low-temperature hydrothermal treatment for 10 days with
ammonium molybdate tetrahydrate ((NH,);Mo,0,,4H,0) and
high concentration thiourea (CH,N,S) as precursors. Figure 2(b)
illustrates the formation mechanism of D-S-MoS,. It is considered
to mainly include two steps: (1) vulcanization of low-valent oxide
materials to form clusters (MoS,) and (2) the splicing and
combination of clusters in solution to form MoS, nanostructures.
Compared with high-temperature conditions, the molecular
reconstruction is not violent enough, and many cluster structures
(MosS,; and Mo,S;,) will be produced due to the long-term and
low-temperature hydrothermal synthesis of D-S-MoS, [43]. The
[Mo,0,,]* decomposed by (NH,);Mo0,0,,4H,0 results in two
different vulcanization products under the influence of a high
concentration sulfur source, one is [Mo,;S;;]* and the other is
[Mo,S,]*. During the 10 days hydrothermal reaction at a low
temperature, the clusters splice disorderly and gradually form
weakly crystalline MoS, nanosheets, which exhibit short-range
ordering [44-46] and relatively low crystallinity, porous structure,
and a large number of dislocations (in-plane and out-of-plane).
The products in different stages of the improved one-pot
hydrothermal synthesis process were analyzed and compared to
verify the accuracy of the synthesis mechanism. After low-
temperature hydrothermal reaction for 12 h, the solution changes
from clear to light brick red, and there is an obvious tinter
phenomenon. The transmission electron microscope (TEM)
image display that most of the products are presented in the form
of MoS, cluster quantum dots (Fig. S2 in the ESM). Subsequently,
the low-temperature hydrothermal time is increased to observe
the changes in the morphology of the product during the reaction
(Fig. S3 in the ESM). The fragmented products (Fig. S3(a) in the
ESM) are gradually spliced and finally combined into a D-S-MoS,
nanoflower after a longer reaction time (Fig. S3(d) in the ESM).
The crystal structure of MoS, under low temperature
hydrothermal conditions for 6, 8 and 10 days was measured by
powder X-ray diffraction (XRD) (Fig. $4 in the ESM). The results
indicate that the samples after low-temperature hydrothermal
synthesis for 10 days have obvious MoS, characteristic peaks,
which is consistent with the previously reported results.
Furthermore, in situ electron spin-resonance spectroscopy (ESR)
indicates that the defect density increases significantly after low-
temperature hydrothermal treatment (Fig. S5 in the ESM). The
HRTEM and corresponding energy-dispersive X-ray spectroscopy
(EDX) elemental mapping images (Fig. 2(c) and Fig. S6 in the
ESM) demonstrate that only Mo and S are evenly distributed
throughout the completely distorted nanosheet, thus confirming
the formation of D-S-MoS,.

The nano-scale strain caused by dislocation on the surface of
the MoS, substrate was further determined by HRTEM and GPA
[47,48]. Figure 3(a) exhibits an HRTEM image of D-S-MoS,
nanosheets attached to a carbon film. The difference in the
stacking thickness of the nanosheets separates the carbon film
(brighter) and D-S-MoS, nanosheets (darker) According to the
fast Fourier transform (FFT) results in the insert of Fig. 3(a), the
daoo) and dyyq;y spacings of MoS, nanosheets are about 0.265 and
0.255 nm. Compared with the standard PDF card of MoS,
(JCPDS Card No. 73-1508), the lattice spacings are compressed by
3% and 4% respectively. As exhibited in Fig. 3(b), FFT transform
filtering was performed on the yellow dotted line box in Fig. 3(a)
to obtain a clear D-S-MoS, in-plane image. It is observed that the
synthesized MoS, base surface displays a shape similar to the
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Figure2 Process and principle of synthesis of disorder MoS, by hydrothermal method. (a) Schematic diagram of synthetic high-density dislocation intrinsic flexible
MoS, nanosheets. (b) Schematic diagram of low temperature hydrothermal processing. (c) HRTEM image and corresponding EDX element mapping images of D-S-

MoS, nanosheet, displaying the homogeneous distribution of Mo and S.

moiré pattern, which may be ascribed to the mechanical instability
triggering the S-Mo-S layer sliding with the generation of
dislocation (Fig. S7 in the ESM) [39, 49, 50]. Furthermore, the 100
and 101 crystal phases were separated by inverse fast Fourier
transform (IFFT) and the corresponding in-plane dislocation
information is displayed in Figs. 3(c) and 3(e) respectively. From
Figs. 3(d) and 3(f), the strain is distributed in the corresponding
lattice plane. In order to describe the strain field on the MoS,
surface, the GPA method was used to obtain strain distribution
images from HRTEM images. The GPA measurement was
realized by strain ++ software [51]. The measurement applied to
all HRTEM images and can adapt to different noise levels and
misalignment. The HRTEM image and GPA analysis evidence
that numerous dislocations will be generated after a low long-time
hydrothermal process at low temperature, which will bring
strain to the MoS, nanosheets, as exhibited in Figs. 3(d) and 3(f).
The GPA image of the MoS, nanosheet suggests the
compression-stretch dislocation dipole. As can be seen from
Figs. 3(c) and 3(e), strain can be observed in the area containing a
large number of dislocations, and these dislocations are indicated
by “T”. In addition, dislocations in one crystal phase may cause
strain effects in another crystal phase, which does not contain
dislocations in the same area and is marked with a white square.

To explore the electronic structure of D-S-MoS,, X-ray

photoelectron spectroscopy (XPS) was further used to track the
movement of the Mo 3d peak on the MoS, nanosheet (Fig. S8 in
the ESM). For the original 2H-MoS,, the signals of Mo 3ds, and
Mo 3d,, are detected at 229.7 and 232.8 eV, respectively, which
belong to Mo*, while the signal at 226.9 eV is attributed to S 2s
electrons [52]. As demonstrated in Fig. S8 in ESM, compared with
2H-MoS,, the three main peak shapes of D-S-MoS, remain the
same, except for the overall transfer to lower binding energy
(~ 0.2 eV), indicating that the electron density around Mo atoms
has increased. In addition, the structure of the S 2p peak has also
changed, displaying an overall positive shift (~ 0.4 eV) compared
with 2H-MoS, (Fig.S9 in the ESM) [53]. Due to the different
electronegativity of atoms, the degree of displacement of its Mo 3d
peak depends on the specific element (S) on its surface. Therefore,
by introducing dislocations in MoS,, the surface electron
distribution of S was optimized. The results illustrate that the
change of the electronic structure of the S atom will affect the
adsorption/desorption energy of the reaction intermediate in the
catalytic reaction, thereby affecting the catalytic activity. The XPS
results indicate that the atomic ratio of Mo and S in D-S-MoS, is
lower than 1:2, which is consistent with the EDX analysis.

In this work, the synthesized D-S-MoS, not only has a
dislocation structure on the in-plane but also shows a dislocation
structure out of the plane. The model image visually shows the
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Figure3 Analysis of D-S-MoS, in-plane strain caused by dislocation. (a) HRTEM image of the dislocation-strained MoS, nanosheets. (b) D-S-MoS, base image
filtered by FFT in the yellow box area in (a). (c) and (e) The (100) and (101) crystal phase images containing numerous dislocations obtained by IFFT processing, in
which the dislocations are represented by “T”. (d) and (f) Strain distribution images of ¢, and ¢,, corresponding to (100) and (101) crystal phases, respectively. (Tensile
strain is represented by brown to bright yellow, while compressive strain is represented by orange to dark purple.)

inherent flexibility of strain MoS, with out-of-plane dislocations
(Fig. 4(a)). Figure 4(b) illustrates the formation mechanism of out-
of-plane dislocations. The strain caused by dislocation induces
bulges or depressions on the surface of MoS, nanosheets, resulting
in interlayer lattice distortion and a large Burgers vector, resulting
in atomic slip to form out of plane dislocations. Figure 4(c) shows
a side view of the HRTEM of stacked D-S-MoS, nanosheets.
Figure 4(d) displays D-S-MoS, has an extraordinary Zigzag
structure (S-Mo-S-Mo-S multilayer sandwich structure). Due to
the weak interlayer electronic coupling of MoS,, the vertical
conductivity is several orders of magnitude lower than the
transverse conductivity, which would limit the inherent catalytic

performance of the catalyst. Previous reports have shown that
different layers can be connected by constructing dislocation
defects, and the vertical transport can be transformed into
transverse transport in the base plane to improve the vertical
conductivity [31]. Dislocations form a large-scale interconnection
network between MoS, layers so that electrons can easily flee in
this out-of-plane dislocation structure, which makes the catalytic
performance develop in a beneficial direction. Figure 4(e) indicates
the GPA analysis of the D-S-MoS, dislocation network, with color
mutations indicating that local strain tensors are induced.
Specifically, the formation of out-of-plane dislocations promotes
the non-parallel distribution between layers, and the interlayer van
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Figure4 Analysis of D-S-MoS, interlayer strain caused by out-of-plane dislocations. (a) Schematic diagram of stacked flexible MoS, nanosheets with interlayer
dislocation. (b) Schematic illustration of edge dislocations. (c) HRTEM image of the dislocation-strained MoS, nanosheets. (d) The corresponding FFT pattern in the
region of the yellow box in (c). (e) Strain distributions of e,,, corresponding to the interlayer. (f) Line profile of the HRTEM image (white frame).
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der Waals force changes, resulting in the expansion of one part of
the interlayer spacing and the compression of the other part (Fig.
4(f)). In conclusion, distortion is a basic plastic deformation mode
in layered materials with weak interlayer adhesion. This
contributes to the change of layer spacing, and multi-layer splicing
between MoS, layers may occur, which directly affects the state of
electron transport between layers, to further improve the HER
performance of the catalyst.

We evaluated the HER performance of the photocatalyst under
visible light irradiation, and wused Eosin Y (EY) and
triethanolamine (TEOA) as sensitizers and sacrificial electron
donors, respectively. It can be seen from Fig. 5(a) that the
generated H, increases linearly with the irradiation time. The
linearly increasing HER rate indicates remarkable stability, which
can be attributed to the formation of high-density dislocations.
The high-energy surface structure induced by strain can effectively
resist the severe surface reconstruction in the catalytic reaction,
thus improving the stability of the catalyst in the catalytic process.
After 25 h, the HER rate decreases slightly, which may be caused
by the consumption of EY. Figure S10 in the ESM displays the
time courses of photocatalytic H, evolution over 2H-MoS,.
Interestingly, under the same experimental conditions, the HER
rate of 2H-MoS, decreases significantly in about 3 h and reaches
saturation in about 6 h. Previous studies have shown that the
reason for the saturation of the HER rate is attributed to the
depletion of protons and H' needs to be added to restart the
reaction [54,55]. Compared with 2H-MoS,, D-S-MoS, can
maintain a stable HER rate for a long time, indicating an
extraordinary proton supply capacity. D-S-MoS, provides a large
amount of H* for the reaction by splitting water, thereby
promoting the HER. In addition, Fig.5(b) compares the HER
performance of MoS, synthesized at low temperatures in different
periods. Under the same experimental conditions, D-S-MoS,
synthesized in 10 days displays a champion HER activity. The
HER performance of MoS, synthesized for 12 days shows a state
of decay, which may be because that the better crystallinity causes
a decrease in the number of active sites. Table S1 in the ESM lists
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the H, generation activity of MoS,-based photocatalysts reported
in recent years, demonstrating the efficient HER catalytic
performance of D-S-MoS,. The electron transfer process of D-S-
MosS, under visible light irradiation is shown in Fig. 5(c). The
reaction is photo-excited by EY to produce a triplet excited state
(EY™). Electrons are obtained from TEOA by reductive quenching
to produce free radical EY". Highly reductive EY™ can easily
transfer electrons to protons to form excited H and collide with H
adsorbed on the surface of D-S-MoS, to form H, [56].

To visually clarify the synergistic effect of dislocation and strain
on their properties, DFT was used to calculate hydrogen
adsorption free energy (AGy.) as a descriptor for correlating
theoretical evaluation with experimental measurements of catalytic
activity. From the perspective of thermodynamics, the ideal value
of Gibbs free energy of hydrogen adsorption is 0 eV. The strong or
weak adsorption of hydrogen on the active site will lead to the
slow progress of electron transfer/proton reduction process.
According to the magnitude of the strain field, H atom adsorption
sites are constructed, as shown in Fig. 6(a). The strain effect caused
by dislocations is manifested in the stretching and compression of
the crystal lattice. Due to the existence of the dislocation nucleus,
the surrounding Mo-Mo bonds have been compressed to varying
degrees. Compared with the Mo?Mo bond length of 2H-MoS,
(3.18 A), the presence of high-density dislocations leads to
0.1%-4% compression of the lattice, which is consistent with the
GPA results. Figure 6(b) shows the AGy. on the MoS, surface
affected by the strain field and dislocation defects. The in-plane of
pristine 2H-MoS, shows a high AGy. (~ 2.2 €V). The AGy« of D-S-
MosS, with a lattice compression of 0.1% is about 0.42 eV, while
the AGy- could be optimized to be —0.18 eV when the lattice
compression is 4%. Theories and experiments have confirmed that
the dislocation-strain synergistic strategy is indeed the key factor
to improving the catalytic activity.

Therefore, the high-efficiency HER activity can be attributed to
the below reasons. On one hand, the dislocation with the strain
effect can fine-tune the electronic structure of the active site by
moving the d-band center of the S atom down to the Fermi level,
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Figure 5 Photocatalytic performance evaluation. (a) Time courses of photocatalytic H, evolution over D-S-MoS,. (b) H, generation activity values of D-S-MoS, and
the pristine MoS, (light source: 300 W Xe lamp, A: 350-760 nm, and irradiation area: 44.2 cm’ reactor). (c) High-efficiency HER mechanism of D-S-MoS, in practical

photocatalytic reaction.
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Gibbs free energies of D-S-MoS, at different lattice compressibilities.

which allows AGy: close to zero, thus improving the HER
performance. On the other hand, the resulting stacking fault can
connect interlayers and provide an electron transfer network to
ensure the vertical conductivity for better HER activity.

3 Results and discussion

In summary, we report a low-temperature hydrothermal method
for synthesizing strained MoS, nanosheets with in-plane and out-
of-plane dislocations. It is worth emphasizing that the synthesized
D-S-MosS, exhibits extraordinary HER activity in a homogenous
dye-sensitized photocatalysis reaction. The D-S-MoS, presents
fabulous HER photocatalytic activity attaining H, generation
activity of 5.85 mmol-g™h™ with outstanding stability under the
irradiation of a 300 W Xe lamp. In addition, DFT results reveal
that the strain induced by dislocation could manipulate the
hydrogen adsorption free energy to optimize the HER activity.
The underlying relationship between structure, properties, and
performance of D-S-MoS, for improving photocatalytic HER
activity is established clearly. This work provides a new method
for exploring and building a high-performance photocatalytic
hydrogen production system by dislocation engineering.
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