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ABSTRACT: Hydrogenation plays a critical role in tuning the material structural phase
that fundamentally determines their electronic, optical, magnetic, and catalytic properties.
However, prevailing hydrogenating techniques rely on noble-metal catalysis, high-
temperature/pressure conditions, and high-energy proton implantation. Here, we report
an optically controlled hydrogenation strategy of atomic-layered material α-MoCl3 via laser
illumination treatment in a moist atmosphere environment. With the assistant of laser,
hydrogens are generated from the reaction between water molecules and highly
electronegative element chlorine, intercalate into α-MoCl3, and ultimately produce a
more conductive phase with a maximum hydrogen-doping density of 0.04 wt %. Without
laser, hydrogens are reversibly released and the structure restores to pristine α-MoCl3.
Density-functional theory studies reveal the facile mechanism of α-MoCl3 hydrogenation
including the dependence on the laser wavelength and power, the concomitant electronic
phase transition, and improved material stability. Our results provide a plausible way for
hydrogenating low-dimensional materials through precise control of laser treatment, which can find its multifunctional applications
in hygrometer, photodetector, and photocontrollable smart devices.

KEYWORDS: atomic-layered α-MoCl3, optically controlled hydrogenation, phase transition, moisture content,
Density-functional theory (DFT)

■ INTRODUCTION

Phase-change materials have attracted widespread attention
due to diverse variations of physical and chemical properties
during phase transitions such as metal−insulator transition
(MIT) behavior,1 optical emission,2 the electrocaloric effect,3

and hydrogen evolution catalysis,4 especially yielding a relative
change in electrical conductivity, which enriches more
potential multifunctional applications.5−7 Among a variety of
approaches, hydrogenation is considered to be an effective way
to tune material structural phase transition by modifying
orbital occupancy,1 band filling,8 and polarization charge.9,10

However, almost all current hydrogenation methods require
noble-metal catalysis,11,12 high-temperature and high-pressure
conditions,13−15 and high-energy proton implantation.16,17 In
addition, most conventional hydrogenating techniques are
costly and lack in situ controllability. Therefore, the develop-
ment of a more cost-effective and easily controlled hydro-
genation strategy under mild reaction conditions is still
challenging but highly desirable.
Layered α-MoCl3, as a new typical transition metal trihalide

(TMT), is highly stable in ambient air, insoluble in most
common solvents (cold/hot water, ethanol, acetone, etc.), and
has excellent thermal stability up to 580 K. Additionally,
MoCl3 is also predicted to be a narrow bandgap semi-
conductor.18 Therefore, it is reasonable to expect that α-MoCl3

should be a promising candidate for the construction of high-
performance microelectronic devices in modern electronics
and optoelectronics, while it has not been reported so far.
Therefore, in this work, we report on the transport properties
of intrinsic few-layered α-MoCl3 devices and an optically
controlled method to hydrogenate atomic-layered α-MoCl3
material via laser illumination treatment in a moist atmosphere
environment. With the assistance of laser illumination, highly
electronegative element chlorine reacts with water molecules
to generate hydrogen. Then, hydrogen intercalates layers of α-
MoCl3 and induces structural phase transition in α-MoCl3.
Noticeably, the phase transition driven by laser illumination
exhibits high dependence on the excitation laser (both
wavelength and power). In the meantime, the polarized
electrons from intercalated hydrogens also have a modulation
on the electronic structure of α-MoCl3. Compared with the
traditional hydrogenating methods, laser irradiation is much
simpler, better controllable, and reliable in principle. Based on
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the density-functional theory (DFT) calculations, we have
revealed the hydrogenation mechanism and the concomitant
improvement of electrical conductivity during hydrogenation.

■ RESULTS
Laser-Assisted Hydrogenation in Atomic-Layered α-

MoCl3. α-MoCl3 was synthesized by a solid-state reaction
method. Both the X-ray powder diffraction (XRD) pattern and
the high-resolution transmission electron microscopy
(HRTEM) image show that α-MoCl3 has a cubic close-packed
structure in which molybdenum has an [MoCl6] octahedral
coordination geometry (Section 1, Supporting Information).
The lower structural symmetry of as-synthesized α-MoCl3
originates from the formation of unique Mo−Mo chemical
bonds with d3-configuration,19,20 which is distinguishable from
other family members of two-dimensional (2D) transition
metal trihalides (TMTs) such as CrCl3,

21 RhCl3,
21 and

RuCl3.
22,23 As a result, the [MoCl6] octahedra becomes

more distorted (compared to those in other TMTs, i.e., CrCl3,
α-RuCl3) because of the formation of the Mo−Mo dimers in
α-MoCl3. Furthermore, one-third of the Cl atoms lying above
the Mo−Mo bonds are shifted ∼0.28 Å above the layer. This
increased freedom in α-MoCl3 further enables larger
distortions of [MoCl6] octahedra and a more flexible host
framework, which incidentally creates larger voids to
accommodate the exotic atoms or molecules.24 Therefore, an
interesting metastable intercalative behavior, evoked from the
reaction between polarized chlorine and hydrogen, can be
more easily observed in the α-MoCl3 structure. To address this
issue, a laser was utilized to trigger the hydrogen intercalation
process in the α-MoCl3 (Figure 1a).
To investigate the electrical performance under laser

illumination under a moist atmosphere, one typical four-
probe nanodevice based on few-layer α-MoCl3 (∼8 nm) is
systematically studied in the following experiments (Section 2,
Supporting Information). To weaken and suppress the
interferential signals from the adjacent device channel as far
as possible, we further opened a window to define the active
region in the devices by transferring the thick h-BN flakes as
protective encapsulation (Figure 1b). (Similar measurements
were also carried out in the devices without h-BN
encapsulation. Figure S5, Supporting Information.) Under an
on/off (800/1600 s) pulse laser (410 nm, 9.6 mW·cm−2)
illumination, the time-dependent voltage shows a correspond-
ing on/off response with a maximum ratio of 2.3 (Figure 1c)
(We have further repeated the same transport measurements
for more cycles, and the time-dependent voltage response
demonstrates a periodic on/off switching behavior over
multiple cycles, which means that the results are robust and
convincing (Figure S6, Supporting Information).). Typically,
Mo−Cl moieties in α-MoCl3 are regarded as good hydrogen-
bond acceptors forming a hydrogen-bonding Mo−Cl···H
interaction.25 Thus, such a photoelectric response is attributed
to the laser-assisted reaction between chlorine and environ-
mental moisture. As a result, the structure formation of
HxMoCl3 occurs and charges are transferred between chlorine
and hydrogen,26 which finally enhances the electrical
conductivity of α-MoCl3. While after removing the laser, the
intercalated hydrogens are gradually released due to the weakly
bonded H···Cl in HxMoCl3, which reveals a reversible optical-
controlled process of hydrogenation and dehydrogenation. We
further investigated the mid- and far-infrared transmission
spectroscopy of α-MoCl3 before and after laser illumination.

The characteristic peak at 994.1 cm−1, corresponding to the
weak H-bond vibration mode,27 clearly demonstrates the
formation of weakly bonded H···Cl during the hydrogen
intercalation in the HxMoCl3 under laser illumination (Figure
1d).
To better understand the behavior of phase transition

induced by hydrogenation in α-MoCl3, we further investigate
the structural evolution of α-MoCl3 by XRD and selected area
electron diffraction (SAED) as shown in Figure 2. Before laser
illumination, there is only a single phase observed in α-MoCl3,
shown in XRD (Figure 2a) and SAED (Figure 2d). After laser
illumination for 1.5 h, splitting behavior (Figure 2b) is
observed in all of the XRD representative peaks of α-MoCl3,
indicating phase transformation. The splitting of the diffraction
spots is also observed in SAED patterns (Figure 2e) after laser
illumination, which is very similar to the reported results on
lithium intercalation in lithium-ion batteries.28,29 We deduce
that the formation of HxMoCl3 during hydrogen intercalation
leads to the coexisting phases of α-MoCl3 and HxMoCl3 (The
phases of α-MoCl3 and HxMoCl3 possess one completely
independent set of XRD diffraction patterns and SAED
diffraction spots, respectively, which is generally regarded as
pretty strong evidence for different structural phases.). The
presence of hydrogen intercalated between the interlayers of α-
MoCl3 induces an in-plane tensor strain and out-of-plane
compression strain.30 Therefore, the lattice distance of
HxMoCl3 along the c-axis is shorter than that of pristine α-
MoCl3, which explains why the locations of the XRD
representative peaks of HxMoCl3 shift to higher θ angles
compared to that of α-MoCl3. In addition, HxMoCl3 is a

Figure 1. Laser-assisted hydrogenation in layered α-MoCl3. (a)
Schematic illustration of hydrogenation in the atomic-layered
structure of α-MoCl3 under laser illumination. (b) The top: the
sketch of four-probe conductivity measurement of α-MoCl3 under
laser illumination. The bottom: the optical image of the multilayer α-
MoCl3-based device with h-BN as protective encapsulation, and the
inset shows the optical image of the device at a lower magnification
(scale bar: 10 μm). (c) Time-dependent voltage response in
multilayer α-MoCl3-based device under on-and-off laser illumination
(410 nm, 9.6 mW·cm−2) at a constant current flow of 1 nA.
Illumination was on for 800 s and then off for 1600 s. (d) Mid- and
far-infrared transmittance spectroscopy of α-MoCl3 before and after
laser illumination.
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metastable phase, the intercalated hydrogen can reversibly be
deintercalated from the host structure. After removing the laser
illumination for 5 days, the structure is restored to pristine α-
MoCl3 with no splitting peak in XRD (Figure 2c) and no
splitting spot in SAED (Figure 2f) patterns. Additionally, we
also conducted the XRD characterization of α-MoCl3 treated
by laser illumination to probe the potential possibility of
structural changes under a dry atmosphere. The result
indicates that there are no structural changes for the
illumination-treated sample under a dry atmosphere (Figure
S7, Supporting Information), meaning that appropriate laser
illumination and suitable moisture are a sufficient but not
necessary condition for phase structure transition induced by
hydrogenation in α-MoCl3. Furthermore, according to the
comparison results of XRD, SAED, and Raman spectroscopy
(Figure S8, Supporting Information), the laser-assisted hydro-
genation process in layered α-MoCl3 is a reversible structure
evolution and the structure can be restored intact to pristine α-
MoCl3, clearly demonstrating that there is no damage in the
structure of α-MoCl3 during the whole hydrogenation process.
Determinant Factors on Hydrogenation. Furthermore,

we evaluate the effects of the laser wavelength, laser power,
temperature, and ambient moisture on hydrogenation (Figure
3). Under fixed experimental conditions (laser power 20 mW·
cm2, temperature 300 K, and moisture content 90%), XRD
peaks shift obviously and even split with an increasing laser
wavelength (Figure 3a). In detail, the peak splitting width
(Δθ) decreases with an increasing laser wavelength (Figure
3b). We attribute the decrease to that lower photon energy
(longer laser wavelength) illumination on the sample causes

less chemical reaction for hydrogenation. Therefore, the higher
the laser photon energy, the more the hydrogen intercalation
reactions. As a result, more phase formation of HxMoCl3 leads
to larger peak splitting. On the other hand, according to
Bragg’s law, it is well known that the derivative of sine function
has a monotonically decreasing trend, which means that the
increment of the dependent variable in sine function increases
slower with the increase of the diffraction angle. Therefore, for
the same increment (Δd) of lattice spacing, a high-angle peak
shifts larger than a low-angle peak, and that is also why the
splitting width of the higher-angle-peak exhibits higher
sensitivity to laser wavelength variation under the same laser
illumination. In addition to structural reorganization, the
intercalation of hydrogen in α-MoCl3 can also induce Mo 3d
orbital-polarized electrons by means of substantial charges
transferring from the hydrogen to the host material, causing
electronic reorganization. Therefore, excess polarized electrons
in α-MoCl3 are generated due to charge transfer during
hydrogen intercalation, which occupies the bottom of the
conduction band and leads to electron doping in α-MoCl3.
These orbital-polarized electrons are delocalized in space and
thus bestowing better conductivity on α-MoCl3. Therefore,
hydrogen intercalation could also be evaluated from the
amount of excess polarized electrons (Δn) by measuring the
conductance change of α-MoCl3 devices. In this way, the effect
of different moisture content on hydrogen intercalation
(Section 3, Supporting Information) was also qualitatively
studied, revealing that increasing the moisture content
facilitates the hydrogen intercalation. Similarly, the linear
relationship between Δn and laser power indicates that the
amount of polarized electrons is proportional to the intensity
of laser illumination (Figure 3c). Finally, we demonstrate that

Figure 2. Structural evolution of α-MoCl3 induced by hydrogenation.
(a−c) Ex situ XRD characterization of α-MoCl3 (a) before and (b)
after laser illumination and (c) after recovery for 5 days, indicating
reversible structure evolution. (d−f) Ex situ SAED characterization of
α-MoCl3 (d) before and (e) after laser illumination and (f) after
recovery for 5 days. The samples illuminated by the laser were
prepared in the same moisture of 90% utilized for the above
characterization.

Figure 3. Determinant factors on the hydrogenation of α-MoCl3. (a)
Laser wavelength dependence of α-MoCl3 XRD patterns at the same
moisture content of 90%: before illumination (blue), 410 nm (light
blue), 633 nm (gray blue), 820 nm (magenta), and 1200 nm (red).
(b) Wavelength-dependent peak splitting width extracted from (a)
XRD representative peaks of α-MoCl3. (c) Laser power dependence
of the hydrogen-intercalation-induced carrier concentration in α-
MoCl3 at a moisture content of 20%. The solid line is the fitting curve.
(d) Current increment induced by hydrogenation in α-MoCl3 still can
be observed at 375 K under laser illumination (410 nm, 9.6 mW·
cm−2) with a moisture content of 90%, indicating excellent high-
temperature resistance.
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hydrogenation in α-MoCl3 has an excellent high-temperature
resistance since the current increment can still be observed
even at 375 K (Figure 3d).
Density-Functional Theory (DFT) Calculations. First-

principles theory studies at the density-functional theory
(DFT) level were applied to model the α-MoCl3 structure,
based on previously measured crystal parameters (Section 4,
Supporting Information).20 As shown in Figure 4a, the
monoclinic structure of the α-MoCl3 crystal belongs to the
space group C2/m and the computed lattice parameters of α-
MoCl3 are a = 6.08 Å, b = 9.72 Å, c = 6.30 Å, and β = 107.2°.
Importantly, we confirmed the formation of the Mo−Mo bond
along the b direction at a distance of 2.61 Å. Furthermore, the
X-ray powder diffraction pattern of α-MoCl3 predicted by our
theoretical simulation is in good agreement with that obtained
from the XRD experiment (Section 4, Supporting Informa-
tion).
We further theoretically investigated the physical mechanism

of dehydrogenation from water and hydrogen intercalation in
α-MoCl3 under the effect of laser illumination. In our
calculations, we performed the effect of a laser equivalent to
adding extra electrons into the α-MoCl3 system.31 As the extra
electrons increase, the potential barrier of dehydrogenation
from water decreases linearly, which means that sufficient laser
energy and illumination time can provide enough extra
electrons and decrease the potential barrier, thus helping the
process of dehydrogenation from water (Figure S13,
Supporting Information). There are three steps of the
hydrogenation process in α-MoCl3. Upon exposure of a
moist atmosphere to the surface of α-MoCl3, water molecules
are activated by the surface Cl− with an adsorption energy of

−0.74 eV (inset of Figure 4b, step 1), resulting in the
reduction of an energy barrier of O−H bond breaking by 0.8
eV. The subsequent hydrogen intercalation reaction is likely to
proceed in the b direction of the α-MoCl3 crystals, as shown in
the top panel of Figure 4c. The effect of hydrogenation initially
occurs on the surface of the structure (step 2), and then
diffused along the b direction into the interior of the crystal
(step 3). Hydrogen deintercalation of HxMoCl3 crystals is
realized under ambient conditions after removing the laser
illumination. Due to the metastability of hydrogen bonding
Mo−Cl···H interaction in HxMoCl3 crystals, during a long
time, the weakly bonded H···Cl tends to break and the
intercalated hydrogen continuously pumps out spontaneously
with the formation of a hydrogen or water molecule (a
potential combination of the hydrogen and oxygen from the
atmosphere) under natural conditions. Remarkably, the
hydrogenation in α-MoCl3 induces the transition from the
semiconductor to the metallic phase, which were demonstrated
by the total density of states (DOS) predicted by the Perdew−
Burke−Ernzerhof (PBE) functional. Meanwhile, as shown in
the bottom panel of Figure 4d, hydrogenation can effectively
enhance the intrinsic poor electrical conductivity of α-MoCl3
by providing free charge carriers at the bottom of the
conduction band. To better describe the scarcity of hydrogen
dopants estimated by the experiment, we adopted a 3 × 3 × 1
α-MoCl3 supercell, in which the most stable adsorption
position of hydrogen has an adsorption energy of −1.36 eV
(Section 4, Supporting Information). This model was then
used for studying the charge transfer between the hydrogen
and the host material. The top panel of Figure 4d shows the
side view of the hydrogen-induced charge density difference,

Figure 4. First-principles calculations for hydrogenation of α-MoCl3. (a) Geometry optimization of the α-MoCl3 crystal structure and the
corresponding structural parameters in detail. (b) Variation of the energy potential of O−H bond breaking in water molecules and polar adsorption
between the Cl and water molecules (inset). (c) Sketch map of the hydrogen intercalation in the α-MoCl3 crystals (top panel) and the total density
of states (DOS) of the α-MoCl3 changes (bottom panel). (d) Hydrogenation-induced charge density difference plot (top panel) and the
polarization charges contributed from hydrogenation (bottom panel).
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indicating substantial charge transfer from the hydrogen to the
host material during the intercalation process. The charge
transfer between the intercalated hydrogen and the host was
further confirmed by the Bader charge analysis developed by
Henkelman et al.32 As shown in the bottom panel of Figure 4d,
the charge polarization induced by hydrogen intercalation is
proportional to the number of hydrogen atoms. The induced
charge per intercalated hydrogen atom is about 0.48 e− (the
slope of the fitting line), which can be interpreted as the equal
number of free carriers in this system. These additional free
carriers effectively improve the electrical conductivity in α-
MoCl3. Combined with the results of experiments and
calculations, it leads us to one possible kinetic mechanism of
phase change induced by hydrogen intercalation: hydrogen
starts intercalating along the side of layered α-MoCl3 by
forming a hydrogen-bonding Mo−Cl···H interaction. Interca-
lated and unintercalated layers are formed during intercalation.
This process can be manifested by the coexistence of the
pristine α-MoCl3 and the intercalate (HxMoCl3) in one crystal.
Therefore, the hydrogen intercalation is in favor of the classical
Rüdorff−Hofmann (RH) model. This mechanism of the
hydrogenation-induced phase change is characterized by a
sigmoid shape of the kinetic curve. As we know, the process of
hydrogenation needs enough energy to surmount the potential
barrier and form a metastable phase of HxMoCl3. The energy is
supplied by laser illumination, i.e., the total photon energy
(The total photon energy is proportional to laser frequency
and power.). Thus, to put it in a nutshell, the total photon
energy dependence of phase change kinetics has a sigmoidal
shape as well.

■ DISCUSSION

An on/off switching behavior was demonstrated in a multilayer
α-MoCl3-based device under laser illumination in ambient
moist air, a behavior ascribed to the effect of first-order phase
transition from α-MoCl3 to HxMoCl3. The rise and fall times
were measured to be 800 and 1800 s, respectively,
corresponding to the effect of reversible hydrogenation
processes. These times reveal that on/off switching is not
from a photoconductive effect. In general, the photoconductive
effect is based on the generation of photoinduced carriers by
laser illumination that can effectively improve the material
conductivity. However, the relaxation and recombination times
for photoinduced carriers are all in the ns to 10 s range,
resulting in much shorter times for conductivity variation
compared to our experimental results. To further study
hydrogenation in the α-MoCl3 layered structure, we provide
a theoretical model of hydrogen intercalation based on the
stability analysis of the α-MoCl3 layered structure and predict
the maximum amount of hydrogen intercalations in a 2 × 2 ×
1 primitive unit cell. This calculated result reveals that our
experimental value achieves only 0.04 wt % rather than the
theoretical maximum capacity (0.5 wt %). One possible reason
for this poor experimental hydrogenation performance is the
limited laser energy absorption rate. Another reason could be
the slow reaction rate of hydrogenation because of the limited
capacity of hydrogen transport channels in the α-MoCl3
layered structure.

■ CONCLUSIONS

In summary, this research demonstrates phase transition in 2D
α-MoCl3 induced by laser-assisted hydrogenation under a

moist atmosphere. Our results reveal that hydrogen generation
and hydrogen doping occur simultaneously in α-MoCl3.
Furthermore, it is found that a shorter laser wavelength
(higher photon energy), a higher laser power, and higher
ambient moisture could facilitate the hydrogenation. DFT
calculations confirm the metastable structure formation of
HxMoCl3 during the hydrogen intercalation. In addition, our
results also suggest that hydrogenation is a promising method
for tuning the electronic properties of materials. Taking
advantage of the excellent controllability of laser illumination
such as spatial resolution, photon energy, and illumination
intensity, this work would open a new path for hydrogenating
low-dimensional materials with a cost-effective and precisely
controllable laser treatment toward multifunctional applica-
tions such as hygrometer, photodetector, and photocontrol-
lable smart devices.

■ EXPERIMENTAL SECTION
Sample Preparation. Single-crystal α-MoCl3 was prepared by a

direct solid-state reaction method with mixtures of high-purity
molybdenum pentachloride (MoCl5, ≥99.6%, Aladdin) and molyb-
denum powders (Mo, ≥99.9%, Aladdin) at a molar ratio of MoCl5/
Mo = 1.8:1. This procedure must be performed under a moisture-free
and oxygen-free atmosphere of prepurified nitrogen because of
inducing readily deliquescence of MoCl5 in moist air. The mixed
powders were sealed into an evacuated quartz tube (ϕ12 mm × 10
cm, 10−2 Pa). The sealed ampoules were then placed into a muffle
furnace and annealed for 10 h at 1073 K followed by furnace cooling.
Notably, as the reaction mixtures can generate large quantities of gas
at high-temperature, for security issues, the quartz tubes should be
maintained by sufficient wall thickness (≥2 mm), as well as by slowly
heating up. Subsequently, after being washed three times with ethanol,
air- and thermal-stable, dark-red α-MoCl3 single crystals can be
obtained with a maximum dimension size of 15 mm × 8 mm × 0.2
mm.

Characterization. The as-prepared α-MoCl3 single crystals were
characterized by X-ray diffraction (XRD, Rigaku SmartLab, Cu Kα
radiation), transmission electron microscopy (TEM, JEM-2010,
JEOL), Raman spectroscopy (Renishaw Raman with a 532 nm
laser), and X-ray photoelectron spectroscopy (XPS, ESCALab 250,
Thermo-VG Scientific), respectively. The thickness of exfoliated α-
MoCl3 nanosheets was determined by atomic force microscopy
(AFM, Bruker Dimension ICON, Billerica, MA) under ambient
conditions. The room temperature mid- and far-infrared trans-
mittance spectra of α-MoCl3 were acquired on a Fourier transform
infrared (FTIR) spectrometer (Bruker IFS 66v, Germany) on the
infrared beamline station (U4) at the National Synchrotron Radiation
Laboratory (NSRL, Hefei, China).

Device Fabrication. Few-layer α-MoCl3 nanosheets were
mechanically exfoliated onto the 285 nm SiO2/Si substrates with
prepatterned Cr/Au markers that are used for the subsequent
fabrication alignment. We accomplished the set of contacts by the
electron-beam lithography (EBL) technique. In these steps, briefly,
the exfoliated nanosheets are spin-coated at 3000 rpm for 30 s with
MMA (6% concentration in ethyl lactate), baked at 180 °C for 3 min,
then spin-coated using the same parameters with PMMA (4%
concentration in anisole), baked at 180 °C for 2 min, and
subsequently exposed by electron-beam lithography. After develop-
ment in IPA/H2O = 7:3 solution for 30 s, reactive ion etching (RIE,
Oxford, plasma Pro NGP 80) was used to remove organic pollutants
deposited on the surface of α-MoCl3 nanosheets, and then, we
deposited metal contact materials (Ni/Au, 10:50 nm thickness) by
magnetron sputtering and liftoff in acetone (40 min).

Measurements. The transport measurements were performed by
a commercial semiconductor parameter analyzer (Keithley 4200SCS)
equipped with the optical measurement system component. The
devices mounted onto the printed circuit board (PCB) were then
placed into an organic glass box (∼30 cm × 20 cm × 20 cm). The
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illumination is directed through the reserved optical window in the
box. The ambient moisture in the box was regulated by a small
humidifier and monitored by a digital hygrometer in real time. We
carried out several simulation experiments before the measurements
to ensure that the whole test system was smooth and stable.
Calculations. The geometry optimizations of the periodic

structures were performed using the projector augmented wave
(PAW) method, implemented in the Vienna ab initio simulation
package (VASP) code. We adopted a global hybrid generalized
gradient approximation (GGA) functional to the exchange−
correction functional and the Perdew−Burke−Ernzerhof (PBE)
functional combined with van der Waals corrections (vdW-DFT).
Based on the energy convergence tests, the cutoff energy is set to be
400 eV for all calculations. γ-centered k-point grids of 4 × 2 × 4 for a
α-MoCl3 unit cell are chosen for relaxations and property calculations.
Considering the low concentration of the intercalated hydrogen in
real experiment, we built 2 × 2 × 1 primitive unit cells to avoid the
interactions between the periodic repeated hydrogens in the system.
The positions of all ions and the unit cell parameters are relaxed for
respective hydrogen concentrations to minimize the atomic forces
with a force convergence of 0.01 eV·Å−1 and the total energy with an
energy convergence of 10−4 eV.
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