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Abstract

Molybdenum sulfides have emerged as viable alternatives to noble-metal catalysts for
green hydrogen production via the hydrogen evolution reaction (HER). Herein, magnetic
induction heating (MIH) is exploited for the rapid preparation of carbon-supported MoS,
nanocomposites. The sample prepared at 200 A for 10 s shows an amorphous Mo3S;Cl,-like
structure and a low overpotential (n10) of -184 mV at 10 mA cm™ in acidic media, whereas
samples prepared at higher induction currents display a largely crystalline MoS; structure and
drastically lower HER performance. This is due to the formation of dimeric Mo¢Cli4 moieties
in amorphous MoS; that is facilitated by the loss of Cl residues during electrochemical
reaction and enhanced H adsorption at both the S and Mo sites, in comparison to crystalline
MoS,, as shown in First-principles calculations. These results show that MIH may be used as
a powerful tool in the preparation of nonequilibrium structures as high-performance

electrocatalysts.
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Due to the ever-growing demand for energy and the rapid depletion of conventional fossil
fuels, hydrogen has been hailed as one of the leading alternative energy resources for versatile
applications. Nevertheless, currently hydrogen production depends mostly on the ungreen
steam-methane reforming process, which is inefficient for the transition to a low-carbon
economy [1]. Water electrolysis has been attracting extensive attention as a green energy
technology, where hydrogen gas can be generated at the cathode by using sustainable
electricity from wind, hydraulics, and solar power [2]. Yet, in electrochemical water splitting,
appropriate catalysts are required to reduce the overpotential so that a sufficiently high current
density can be produced for practical applications. At present, noble metal nanoparticles, such
as Pt, Rh, and Ir, have been the leading catalysts for the hydrogen evolution reaction (HER),
but their high costs and low natural abundances significantly hinder the wide-spread
application of the technology. It is therefore of both fundamental and technological
significance to develop high-performance, low-cost alternatives [3, 4].

For decades, MoS: has been used extensively in the hydrodesulfurization (HDS) reaction,

which shares a similar H* intermediate to HER [5], and the edge sites of MoS; are argued to

exhibit a near zero Gibbs free energy (AGn+) of hydrogen adsorption, a condition ideal for a

maximal HER activity [1, 6, 7]. However, experimentally, MoS> exhibit only a mediocre
exchange current density and sluggish kinetics [1, 5]. This is mainly because that, as a two-
dimensional transition metal dichalcogenide, MoS; possesses only a minute amount of edge
sites, and the dominant basal plane is inert for H adsorption. In addition, the common 2H
phase of MoS: is semiconductive in nature, where the limited charge transport ability leads to
a poor intrinsic activity. Therefore, a number of experimental strategies have been proposed to
engineer the MoS: structure and thus to increase its HER activity. For instance, phase
engineering has been employed to convert semiconductive 2H MoS: into metallic 1T MoSa,
resulting in enhanced current densities and reaction kinetics, with the overpotential (n10)
diminished to under ca. -200 mV to deliver the current density of 10 mA cm? [8].
Furthermore, defect engineering has been carried out to manipulate the material morphologies
exposing specific crystal planes with edge sites by introducing vacancies, cracks, and holes on
the inert basal planes [9, 10]. Other strategies, such as heteroatom doping, formation of
heterojunctions, and metal-support interaction on MoS:, have also been demonstrated to be
effective in increasing the HER activity [11-14].

Notably, to increase the number of active sites and hence the intrinsic activity,
amorphization is a unique, efficient method [15]. For example, He et al. amorphized 2D

crystalline PtSe, by plasma etching into disordered and metal-like PtSe,, which exhibited a
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high atom-utilization efficiency of 26 wt% and a low nio of -20 mV in acid [16]. In fact,
various forms of amorphous MoS;, such as MoSs*, [M02S12]*, [M03S13]*, [Mo03S4]*, and
monomeric MoS3, have been uncovered to show a high surface area and a large density of
active sites [17-20]. For example, Benck et al. [21] utilized wet-chemistry synthesis to prepare
amorphous MoS; (x = 2-3) nanoparticles which featured an nio of ca. -200 mV and excellent
stability. Seo et al. [17] synthesized polymeric chains of M0S4* under a mild condition of wet
chemistry, and observed an mio of only -167 mV in acid. Wu et al. [22] showed that
amorphous MoS> (mio = -210 mV), prepared by plasma-enhanced atomic layer deposition,
clearly outperformed 1T MoS> (0= -250 mV) and 2H MoS> (n10=-350 mV) in acidic media,
owing to the metallic conductivity with the Mo 3d orbitals crossing the Fermi level. Despite
much progress, it should be noted that synthesis of amorphous MoSx mostly requires either
unconventional plasma etching or long-term wet chemistry, which is non-sustainable and
time-consuming. This is partly due to the meta-stable nature of amorphous MoS., which is
difficult to attain under conventional treatment.

Recently, magnetic induction heating (MIH) has been used to prepare materials of meta-
stable/nonequilibrium structures within seconds, e.g., FeNi spinels with a good mixing of the
Fe and Ni phases [23], Ru nanoparticles with metal-Cl residues [24], and defective Co-N
carbon nanocomposites [25], which are impossible to achieve with conventional synthetic
methods [26, 27]. This is because MIH can heat up samples at an ultrafast rate up to 200 K s,
due to the Joule heating of Eddy current from high-frequency electromagnetic fields. Herein,
a series of carbon-supported MoS: nanocomposites were prepared by MIH treatment of
MoCls and thiourea at controlled currents for 10 s. Among the series, the sample prepared at a
relatively low induction current of 200 A showed an amorphous structure and the best HER
performance in acidic media, with a low mio of only -184 mV and fast electron-transfer
kinetics with a low Tafel slope of 50 mV dec™!, whereas samples prepared at higher induction
currents display mostly a crystalline MoS; structure and a much lower performance (1o = -
340 mV). Computational studies based on density functional theory (DFT) calculations
confirm the metallic nature of the amorphous MoS., and both the Mo and S sites of the Mos-
based sulfide clusters may serve as the active sites. In particular, MoeS14 clusters were likely
the dominant species responsible for the HER activity, with the formation facilitated by the
loss of Cl residues during electrochemical reactions. Analysis of the projected density of
states (PDOS) shows that H adsorption on these MoS, affects the stability of the system by

altering the antibonding states of S-H and Mo-S, and hence impacting the adsorption



energetics. Overall, results from this study show that MIH can be used as a powerful tool to
prepare meta-stable materials as high-performance electrocatalysts.

2. Experimental section

Chemicals. Molybdenum(V) chloride (MoCls, 95%, ACROS Organics), thiourea (CH4N>S,
99.0%, Sigma-Aldrich), carbon black (Vulcan XC72), ethanol (Fisher Chemicals), and Pt/C
(20 wt %, Alfa Aesar) were used as received without further purification. Water was purified
with a Barnstead Nanopure Water System (18.2 MQ cm).

MIH synthesis. 25 mg of MoCls and 25 mg of thiourea were dissolved in 5 mL of ethanol
under sonication to produce a transparent solution, into which was then added 50 mg of
carbon black. The mixture was dried by rotary evaporation and further dried in a vacuum
oven at 60 °C for 8 h, before being loaded onto an iron sheet (2.5 cm X 2.5 cm X 0.2 mm)
covered with a piece of graphite paper (0.01 mm thick) to prevent contamination from iron.
The assembly was then inserted in the center of a firebrick inside a quartz tube and purged
with high-purity Ar gas for 10 min. The quartz tube was placed in a four-turn induction coil
with a diameter of 5 cm, and MIH was carried out at a controlled current (X = 100, 200, 300,
400, and 600 A) for a heating time of 10 s before the sample was naturally cooled down to
room temperature. The resulting samples were denoted as MS-X.

Characterizations. Transmission electron microscopy (TEM) images were acquired with a
Tecni G2 operated at 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were
carried out with a Thermo Fisher K-alpha system, where the binding energy was calibrated
against the C 1s binding energy. Raman measurements were conducted using a Horiba Jobin
Yvon LabRAM ARAMIS automated scanning confocal Raman microscope under 532 nm
excitation. Continuous wave-electron paramagnetic resonance (CW-EPR) measurements were
carried out with a Bruker EleXsys E5S80 EPR spectrometer at the X-band frequency (~9.857
GHz) using an ER 4122SHQE resonator. All CW-EPR spectra were recorded using a power
of 2 mW, a modulation amplitude of 4 G, a modulation frequency of 100 KHz, a conversion
time of 20.48 ms, and the number of scans of 10. Ex situ X-ray absorption spectroscopy
(XAS) measurements were carried out at 10 K at beamline 4—1 of the Stanford Synchrotron
Radiation Lightsource using an Oxford liquid helium cryostat. The fitting of XAS data was
done by using Real-Space X-ray Absorption Package (RSXAP) [28].

Electrochemistry. Electrochemical measurements were carried out with a CHI 700E
electrochemical workstation in a three-electrode configuration. A glassy carbon electrode (3
mm in diameter) was used as the working electrode. A graphite rod was used as the counter

electrode and an Ag/AgCl (in 3 M KCl) as the reference electrode. The reference electrode
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was calibrated against a reversible hydrogen electrode (RHE) and all potentials in the present
study were referenced to this RHE. Commercial Pt/C was dropcast onto the glassy carbon
electrode at a loading of 40 ug cm™ for benchmarking.
Computational study. First-principles computations were performed using Quantum
ESPRESSO, an open-source plane-wave code [29]. A super cell with the unit size of 15 x 15
x 15 A? was used for Mo3S7Cl, (y = 0, 2, 4, 6) clusters and 20 x 15 x 15 A3 for MosS14. The
shortest distance between the atoms in the neighboring periodic images was at least 9 A.
MoS; basal plane was built on 2H-MoS> (001) facets with two layers and 54 atoms in total.
The bottom layer was fixed during the geometry relaxation. The MoS, edge was built on the
2H-MoS> (100) facets with four layers and 72 atoms in total. The bottom two layers were
fixed during the geometry optimization. At least 10 A vacuum was inserted between the
periodic images to minimize the spurious interactions between the images. The GBRV
ultrasoft pseudopotentials with a cutoff energy of 50 and 500 Ry for kinetic energy and charge
density, respectively, were chosen [30]. Grimme’s D3 dispersion corrections were used in the
calculation of MoS> basal planes and edges [31]. Fermi-level smearing with a Gaussian width
of 1 x 10* eV was used to accelerate the self-consistent total-energy iterations. Monkhorst-
Pack K-point grids of 3 x 2 x 1 for the edge of MoS> and 2 x 2 x 1 for the basal plane of
MoS: were selected and scf cycles were converged at 1 meV per atom. For geometry
optimizations, the convergence was 10 Ry of the electronic energy and 10 au for the total
force. Density functional perturbation theory was employed to calculate the frequencies.
Entropy and zero-point energy were determined based those frequencies [32]. Raman spectra
were calculated using Gaussian 16 with the PBE functional on the relaxed cluster structures
without further optimization [33]. The effective core potential and basis set,
ECP28MDF_AVTZ [34], was adopted for Mo and the aug-cc-pvtz basis sets were used for all
other elements.
3. Results and discussion
3.1 Sample preparation

The preparation process of MoS; is schematically illustrated in Figure 1, which consists of
two major steps. First, MoCls and thiourea (Figure 1b) were co-dissolved in ethanol to form a
clear solution, and the solution was mixed with carbon black, which was then placed onto a
boat-like iron sheet and positioned inside a quartz tube purged with Ar gas (Figure la).
Finally, the entire assembly was placed in the center of an induction coil and thermally treated
at a controlled AC current. The temperature of the iron sheet was recorded using an infrared

thermometer as a function of induction current and heating time, as depicted in Figure 1c. The
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heating rate was estimated to be ca. 200 °C s at 600 A and ca. 40 °C s at 100 A,
significantly higher than that with a conventional tube furnace or by hydrothermal methods
[25]. During the MIH treatment, the instantly generated Eddy current quickly heats up the
surface of the iron sheet to the desired temperature within seconds due to the Joule’s heating
effect, where the precursors underwent rapid decomposition into different forms of MoS, as a
function of the induction currents. Five samples were prepared at an MIH current (X) up to

600 A for 10 s and denoted as MS-X (X = 100, 200, 300, 400, and 600).
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Figure 1. (a) Scheme of MIH setup. (b) Precursors of MoCls and thiourea for the synthesis of
the MoS. samples. (c) Heating temperature as a function of time at different MIH heating
currents, as determined with an infrared thermometer [25]. TF and HT denote conventional
tube furnaces and hydrothermal methods, respectively.
3.2 Structural characterization

The morphologies of the samples were first characterized by TEM measurements. One
can see from Figure S1 that MS-100 displayed a sheet-like structure, which spanned hundreds
of nanometers, and no well-defined lattice fringes at high resolutions, implying that MS-100
was mostly amorphous in nature, possibly due to the relatively low heating current (100
A)/low temperature and hence limited decomposition of the precursors. At a higher heating
current of 200 A, MS-200 manifests an irregular morphology, consisting of stacks of
nanosheets with widths of ca. 60 nm (Figure S2), and also exhibits no well-resolved lattice
fringes (Figure 2a-b). In fact, no clear patterns can be found in the corresponding Fast Fourier

Transform (FFT) image (Figure S3), further confirming its amorphous nature. By contrast,
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MS-300 can be found to consist of an agglomerate of both amorphous and crystalline
nanoparticles (Figure S4a), and the latter exhibited clearly-defined lattice fringes (Figure S4b-
d), with two interplanar distances of 0.26 and 1.04 nm due to the (100) and expanded (002)
facets of 2H MoS,, respectively [35, 36]. As for MS-400, MoS: nanosheets can be clearly
observed (Figures 2c and S5), as the interlayer spacings of 0.68 nm is consistent with the
(002) facets of 2H MoS2 [37]. When the MIH current was increased further to 600 A, the
sheet structure became even better defined (Figure 2d and S6), where the d spacings of 0.24
and 0.27 nm can be ascribed to the (104) and (100) facets of 2H MoS:, respectively [38, 39].
These results suggest that the sample morphologies can be readily regulated by the magnetic
induction currents. At low currents (under 200 A), the relatively low heating temperatures
produced a mostly amorphous structure; and at 300 A, crystalline MoS; started to appear,
which became the dominant species at higher induction currents (i.e., 400 and 600 A).
Notably, elemental mapping analysis based on energy-dispersive X-ray spectroscopy
(EDS) showed that for MS-200, the elements of Mo, S, and CI were evenly distributed across
the amorphous sheet (Figure 2e), suggesting residual CI in the sample likely in the form of
MoS,Cly, a marked deviation from the crystalline MoS2> produced at higher
currents/temperatures. In fact, from the EDS analysis (Figure S7), the Mo:S:Cl ratio was

estimated to be ca. 1:1.9:1, implying that MS-200 was most likely a meta-stable intermediate

during the decomposition of the precursors, owing to the moderate heating temperature [40].
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Figure 2. (a, b) Representative TEM images of MS-200, (c) MS-400, and (d) MS-600. (e)

EDS-based Elemental mapping analysis of Mo, S, and Cl in MS-200.



XPS measurements were then performed to examine the chemical compositions and
valence states of the samples. From the survey spectra in Figure S8, one can see that the C 1s,
N 1s, O 1s, S 2p, Cl 2p, and Mo 3d electrons can be readily identified at 284, 400, 532, 164,
198, and 231 eV, respectively, in all samples. Figure 3a shows the high-resolution scans of the
Mo 3d electrons. In comparison to the MoCls precursor that featured a 3ds»/3d3» doublet at
230.78/233.96 eV (the single peak at 227.10 eV is due to the S 2s electrons of thiourea) [41,
42], all MIH-treated samples exhibited a marked red-shift. Specifically, for MS-300, MS-400
and MS-600, the binding energies of the Mo 3ds»/3d3» doublet red-shifted by over 1.5 eV to
229.21/232.37, 229.14/232.32, and 229.10/232.25 eV, respectively, which are consistent with
those for Mo** [43, 44]; whereas for MS-200 and MS-100, the red-shift diminished somewhat
to ca. 1.0 eV, 229.74/232.91 eV for MS-100, and 229.67/232.82 eV for MS-200, suggesting
partial decomposition (reduction) of Mo®* to a meta-stable structure with a valence state close
to 4+ [17]. These binding energies are all listed in Table S1.

Consistent results were obtained from the high-resolution scans of the S 2p electrons,
which further confirmed the formation of MoS; in the samples. One can see from Figure 3b
that the MoCls+thiourea precursors possessed two doublets at 162.07/163.14 and
163.82/164.99 eV (Table S1), which can be assigned to the S 2p3»/2pi12 electrons of Mo-S
and thiourea, respectively, suggesting the formation of Mo-Cl/thiourea complexes in the
precursor solution [45]. These two doublets remained rather visible for MS-100
(162.32/163.58 and 163.48/164.70 eV) and MS-200 (162.28/163.54 eV and 163.56/164.79
eV), in good accord with the incomplete decomposition of the precursors into MoS.. Note that
these two doublets are rather consistent with the terminal S>> (blue-shaded peaks) and
bridging/apical S>> (yellow-shaded peaks) of [Mo3S13]* clusters (Figure S9) and amorphous
MoS3, but deviate markedly from those of crystalline MoS, [17, 20, 46, 47]. For samples
prepared at higher heating currents, they all manifested only one doublet at somewhat lower
binding energies, 162.01/163.25 eV for MS-300, 161.98/163.21 eV for MS-400, and
161.97/163.20 eV for MS-600. The fact that the higher-energy doublet vanished suggests (a)
complete thermal decomposition of the thiourea precursor at high temperatures, (b)
diminishing bridging S dimer, and (c) formation of crystalline MoS,, in agreement with the
above TEM results [22]. In fact, in comparison to the S:Mo feed ratio of 3.55 in the
precursors, the atomic ratio of S to Mo (Table S2) can be found to decrease to 3.38 for MS-
100, 2.95 for MS-200, 2.10 for MS-300, 2.36 for MS-400, and 2.04 for MS-600. Again, this is

in agreement with only incomplete decomposition of precursors in MS-100 and MS-200,



whereas the MS-300, MS-400 and MS-600 mostly entailed the stoichiometric formation of
MoS; in the samples.

A similar diminishing trend can be found in the Cl 2p spectra. From Figure 3c, one can
clearly see all samples (except for MS-600) displayed a doublet around 198/199 eV, which
can be ascribed to Mo-Cl [24, 40]. In fact, one can see that the precursors, MS-100, and MS-
200 all showed a doublet at 197.70/199.30 eV, while for MS-300 and MS-400, the binding
energies of the doublet blue-shifted to 198.13/199.70 eV and 198.66/200.36 eV (Table S1),
possibly due to the reduced interaction between the Cl and Mo species [24], and for MS-600,
the Cl completely vanished, suggestive of thermal instability of the Mo-ClI species at high
heating temperatures. Similar to the S content, the atomic ratio of Cl to Mo (Table S2)
decreased from 2.02 for the precursors to 1.32 for MS-100, 1.29 for MS-200, and then
drastically to only 0.21 for MS-300 and 0.15 for MS-400, and finally to virtually zero for MS-
600. These results further confirmed that MS-100 and MS-200 consisted mostly of the meta-
stable MoSCl, during the decomposition of the precursors, whereas crystalline MoS> was

produced in MS-300, MS-400 and MS-600.
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Figure 3. High-resolution XPS scans of the (a) Mo 3d, (b) S 2p, and (c) Cl 2p electrons of
MS-100, MS-200, MS-300, MS-400, MS-600, and the precursors of MoCls+thiourea. (d)
CW-EPR spectra and g factors of the sample series.

The high-resolution scans of C 1Is, O 1s, and N 1s also provide important structural
information during the ultrafast synthesis of MoS.. One can see from Figure S10 that all
samples consisted of three major peaks at ca. 284.15, 285.40, and over 288 eV, which can be
assigned to C=C, C-C, and oxidized C of the carbon black supporting substrates [25, 48]. As
for O 1s in Figure S11, all samples exhibited two major peaks at ca. 531 and 532 eV, which
originated from the C=0 and C-O on the carbon matrix, respectively [25, 48, 49]. It should be
noted that no peaks under 530 eV can be discerned in the spectra, indicating the absence of
metal oxides in the samples likely due to the good protection of the Ar atmosphere during
sample preparation [50]. As for the N 1s spectra in Figure S12, one can find that the N peak
(the adjacent peak at a lower binding energy is due to Mo 2p3») shifted from 399.74 eV for
the precursor to 399.21 and 399.30 eV for MS-100 and MS-200, and further to 398.67, 397.98,
398.13 eV for MS-300, MS-400, and MS-600, respectively, suggesting that the amino groups
(-N2) of thiourea were thermally converted into pyridinic N embedded within the carbon
matrix [48]. Mo 2ps2 also consistently follows the diminishing trend of the Mo 3d spectra.
Meanwhile, it should be noted that no nitride peaks can be deconvoluted in N 1s spectra,
ruling out the formation of MoN; species [51]. These data are listed in Table S1-S2.

Further structural insights were obtained from CW-EPR measurements. One can see from
Figure 3d that the precursor displayed a series of sharp signals that are consistent with penta-
coordinated Mo’*, with a g factor of 1.999 [52]. As for MS-100 and MS-200, the sharp peaks
all became attenuated and broadened, with the g factors changed slightly to 2.000, implying a
coordination structure similar to that of MoS; [53, 54]. The sharp signals became further
attenuated for MS-300 and completely disappeared for MS-400 and MS-600, with only a
broad linewidth and a g factor of 1.998, suggesting that Mo>* was fully reduced to Mo*" in
crystalline but defective MoS», which are consistent with the above XPS and TEM results. It
should also be noted that the signal intensity gradually decreased for the samples prepared at
higher induction currents (Figure S13), signifying a decreasing density of defects with

increasing MIH temperature [10].
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Figure 4. (a) Raman Spectra of precursor, MS-100, MS-200, MS-400, and MS-600.

Simulated Raman and IR spectra of (b) M03S7Cls and (c) Mo3Ss clusters, with comparisons of
Raman spectra of MS-200 and MS-600. (d) Mo K-edge X-ray absorption near-edge spectra
(XANES) of precursor, MS-100, MS-200, MS-400, MS-600, the inset is the 1 derivative of
the curves. (e) Mo K edge Fourier-transformed extended X-ray absorption fine structure
spectra (FT-EXAFS). Note that panel (e) includes simulated EXAFS for (f) M03S7Cl4, 2H-
MoS,, and monomeric MoS3 chain. The colors of elements are cyan for Mo, yellow for S, and
green for Cl.

Consistent results were obtained in Raman spectroscopies measurements which showed
the gradual evolution of the Mo-S vibrations among the samples. As depicted in Figure 4a, the
precursor showed three peaks at 284, 337, and 377 cm™', which can be ascribed to the E; e Al
and E'5, vibrations of the Mo-S/Cl bonds in the Mo-thiourea complex, respectively [47, 55].
As for MS-100 and MS-200, in addition to the 291 and 341 cm™ vibrations, two new peaks
appeared at 363 and 393 cm™! (gray-shaded area, Figure 4a), which blue-shifted gradually to
higher frequencies with increasing MIH currents, at 378 and 401 cm™! for MS-300, 381 and
404 cm! for MS-400, and 382 and 406 cm™ for MS-600, and became increasingly consistent
with those of crystalline MoS: [8, 56]. This suggests that (a) the bond length of Mo-S is
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somewhat longer for samples prepared at a lower heating temperature; and (b) MS-300 likely
consisted of a mix of amorphous and crystalline MoS,, while at 400 and 600 A, crystalline
MoS: is the dominant product [57].

To further understand these vibrational properties, the vibrational spectra of Mo03S7Cls,
MosSe, and M03S12Hs were calculated by using the Gaussian program (Figure 4b-c and S14-
S17, and Video S1-S3). Figure 4b depicts the theoretical vibration spectra (blue and grey
curves) and vibrational modes (Video S1) of Mo03S7Cl4, in comparison to the experimental
Raman spectrum of MS-200 (orange curve). The peak observed experimentally at 234 cm’!
for MS-200 is likely due to the vibrations of the Mo trimer and bridging S> of Mo03S7Cl4
which are predicted to be at 212 and 224 cm™', whereas the peak at 291 cm™! is rather close to
the Mo-CI and apical S vibrations (predicted at 277 cm™!). Additional peaks can be found at
341, 373, 394, 409, and 438 cm™ in the simulated spectra and that of MS-200, due to the
hybrid vibrations of Mo-Cl, apical S, bridging S», and Mo trimer. Furthermore, one can see
that MS-200 exhibited a clearly defined peak at 552 cm’!, almost identical to the calculated
one (556 cm™) for S-S bonds in bridging S>. Notably, the vibrational peaks of bridging S» can
only be observed with MS-100 and MS-200 (Figure S18), which is consistent with results
from the above XPS measurements, as they are associated with amorphous MoS3 rather than
crystalline (2H) MoS: [58, 59]. Interestingly, the calculated spectrum of the Cl-free Mo3S12Hs
(Figure S16-S17 and Video S2) deviates apparently from that of MS-100 or MS-200,
displaying no vibrations from apical S or bridging S>. In fact, the experimental Raman
patterns of MS-100 and MS-200 are similar to those of coordination polymers consisting of
discrete [Mo3S13]*~ building blocks reported previously [20, 53]. For comparison, MS-600
displays only two major peaks at 346 and 416 cm™', due to Mo-S vibrations, and no additional
vibrations from bridging S» or Mo trimer vibrations, in agreement with the simulated results
of Mo03S¢ which consists of blocks of crystalline MoS, (Figure 4c and S15, Video S3). Taken
together, these results suggest that the atomic structure of MS-100 and MS-200 resembled
that of the Mo3S7Cls4 cluster, due to only partial decomposition of the precursors, whereas for
samples prepared at higher induction currents, the structure became increasingly close to that
of Mo3Se. This is consistent with the amorphous to crystalline structural evolution with
induction current observed above in XPS, TEM, and CW-EPR measurements.

XAS studies were then performed to further understand the valence state and atomic
structure of the MoS, samples. One can see from the Mo K-edge X-ray absorption near edge
structure (XANES) spectra in Figure 4d that the precursors displayed a pre-edge feature at ca.
20002 eV, due to the 1s-4d transition of the tetrahedral symmetry [60]. This pre-edge feature
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diminished after MIH treatments, implying its ready decomposition. It should be noted that
MS-100 and MS-200 showed a similar absorption edge and hence a similar chemical
environment, whereas MS-300, MS-400, and MS-600 constituted a separate group that
exhibited also a similar edge, possibly due to the loss of Cl residuals and increasing
crystallization which altered the atomic symmetry of Mo [22]. This is consistent with the
above XPS results. The first derivatives of XANES are shown in the inset to Figure 4d, which
entailed a series of peaks with the energies decreasing in the order of precursor > MS-100 >
MS-200 > MS-300 > MS-400 > MS-600. This suggests that the samples indeed became
increasingly reduced with increasing heating currents, in line with the XPS results.

The corresponding Fourier-transform extended X-ray absorption fine structure (FT-
EXAFS) spectra further confirmed the structural evolution of the samples. It can be seen from
Figure 4e that the precursors possessed only one main peak at 1.96 A, due to the Mo-S/Cl
path [22, 61, 62], whereas for the MIH-treated samples, in addition to the dominant peak at ca.
1.90 A, additional peaks emerged at higher energies, due to the Mo-Mo bonds [17, 22, 61].
For MS-100 and MS-200, the Mo-Mo peak appeared at 2.50 A, analogous to that of M03S7Cl4
with a short Mo-Mo bond as simulated by FEFF7 (Figure 4f), consistent with the Raman
simulation [63]. This peak shifted to 2.65 A for MS-300, and 2.72 A for both MS-400 and
MS-600, which was close to that of simulated 2H MoS; with long Mo-Mo bonds (Figure 4f).
It should be noted that no peaks can be discerned at 1.5 10\, meaning no formation of either
oxides or nitrides, consistent with the above XPS results. Fitting of the FT-EXAFS spectra
(Figure S19, Table S3-S8) showed that MS-100 and MS-200 possessed a Mo-S/Cl bond
length of 2.43 A, with the corresponding coordination number (CN) of 4.0 and 4.9, in
comparison to that of the precursor (2.46 A, CN = 2.1). The Mo-S/Cl bond length decreased
to 2.39, 2.40, and 2.39 A for MS-300, MS-400, and MS-600, respectively. In fact, the result is
consistent with the blueshift of the vibrational energies (Figure 4a). It should be noted that
they all have relatively low CNs of Mo-S/Cl as compared to that of ideal MoS> (CN = 6),
implying a high density of defects in the samples [64]. The fittings of the Mo-Mo bonds
showed that the bond lengths for MS-100 and MS-200 are 2.69 and 2.73 A, respectively,
which are almost identical to the shorter Mo-Mo bonds in M03S7Cls or [M03S13]* [17, 22].
The Mo-Mo bonds further increased to 3.14 A for MS-300, and 3.16 A for both MS-400 and
MS-600, consistent with that of crystalline MoS». Notably, the simulated FT-EXAFS of the
monomeric MoS3 chain (Figure 4f) shows peaks unlike those of MS-100 or MS-200, ruling
out the monomeric structure in the samples [47]. Therefore, MS-100 and MS-200 can be seen

to consist of an amorphous structure similar to that of Mo3S7Cls, whereas MS-300, MS-400,
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and MS-600 entail mostly crystalline MoS,, consistent with the TEM, XPS, CW-EPR, and
Raman results.
3.3 Electrochemical study

The HER polarization curves of the samples were then acquired in 0.5 M H>SOs. One can
see from Figure 5a that MS-200 emerged to be the best catalyst among the series of samples,
with the lowest nio of -184 mV, as compared to -217 mV for MS-100, -232 mV for MS-300, -
243 mV for MS-400, and -244 mV for MS-600. From Figure 5b one can see that MS-200 also
possessed the lowest Tafel slope of 50.0 mV dec™!, and MS-100 displayed a similar one of
55.3 mV dec’!; yet the slopes increased drastically to 69.9, 77.2, and 82.5 mV dec! for MS-
300, MS-400, and MS-600, respectively, suggesting increasingly sluggish electron-transfer
kinetics. Such a discrepancy may be ascribed to the amorphous-crystalline structural
evolution of the samples with induction current. That is, the abundant defects in MS-100 and
MS-200 most likely facilitated H adsorption, such that the Heyrovsky reaction acted as the
rate-determining step (RDS) of HER [65-68], whereas for the mostly crystalline samples of
MS-300, MS-400 and MS-600, the HER performance became increasingly limited by the
Volmer step [67], as the dominant basal planes are mostly inactive for H adsorption [69].
Therefore, whereas the performance remains subpar as compared to that of commercial Pt/C
(10 = -28 mV, Tafel slope = 13.2 mV dec™!), these results did highlight the significance of
MIH in the effective preparation of defective/amorphous MoS; in reducing the HER
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Figure 5. (a) HER polarization curves of the samples, commercial Pt/C, and glassy carbon at
a scan rate of 10 mV s in 0.5 M H>SOa. (b) Corresponding Tafel plots of samples. (c) The
Nyquist plots of samples from electrochemical impedance spectroscopic (EIS) measurements
at an overpotential of -200 mV. (d) Stability test of the best sample MS-200.

Consistently, electrochemical impedance spectroscopy (EIS) measurements (Figure 5c)
showed that MS-200 possessed the lowest charge-transfer resistance (Rc) of 45.2 Q at the
overpotential of -200 mV, in comparison to 109.6 Q for MS-100, 79.76 Q for MS-300, 232.9
Q for MS-400, and 254.6 Q for MS-600. The enhanced charge-transfer kinetics can be
ascribed to the structural transition from the semiconductive crystalline MoS; to the metallic
amorphous MoS, [22]. The electrochemical surface area (ECSA) of the samples was then
assessed by measuring the double layer capacitance (Car), which remained rather close among
the series (Figure S20, Table S9), suggesting that the HER performance of the samples was
primarily dictated by the intrinsic activity of the active sites, rather than the ECSA. The
corresponding turnover frequency (TOF) is shown in Figure S21, where MS-200 exhibited the
highest TOF (ca. 0.55 s'at -0.20 V), followed by MS-200, MS-300, MS-400 and MS-600.

The amorphous MS-200 also exhibited excellent stability towards HER. From Figure 5d,
one can see that after 1000 cycles of potential scans, the 1o shifted from -189 mV to -220 mV,
but the current densities became even higher at higher overpotentials (at potentials over -270
mV). XPS measurements (Figure S22a) showed two doublets at 229.74/232.79 eV and
231.92/234.97 eV, which can be assigned to the Mo 3d electrons of MoS, and oxidized Mo,
respectively (the latter possibly due to the loss of Cl residues and the replacement by
aqua’/hydroxo ligands, vide infra) [46]. As for S 2p (Figure S22b), two components can be
resolved at 162.51/163.77 eV for S in MoSx and 168.08/192.15 eV for sulfates. It should also
be noted that the atomic ratio between S (metal-sulfide) to Mo (MoS,) remained close to 2.1;
while for Cl 2p (Figure S22c), no peaks can be discerned, indicating the loss of the Cl
residues on MS-200. These results suggest that the Mo-S moieties most likely served as the
dominant active sites for HER.

Note that 10 s (MS-200 was prepared by heating the precursors at 200 A for 10 s) also
represented the optimal heating time. At the same heating current of 200 A, samples prepared
for a shorter (5 s) or longer (20 s) heating time yielded only a reduced performance (Figure
S23), with nio of -218 and -250 mV, respectively. This is likely because prolonged heating
enhanced sample crystallization, while too short a heating time resulted in a low temperature
and hence insufficient decomposition of the precursors. Notably, MS-200 stood out as one of

the top Mo-S based HER catalysts as compared to relevant nanocomposites in the literature
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(Table S10). Yet the preparation of MS-200 took only seconds, in stark contrast to hours
typically needed for others prepared using conventional thermal methods.
3.4 DFT study

To understand the mechanistic contributions to the HER activity, DFT calculations were
carried out to study the energetics of H adsorption on the proposed subunit of amorphous
MoS; and crystalline MoS» (Figure 6a). Considering that Cl could be attacked by protons, as
evidenced by experimental and theoretical results that Mo-Cl may be broken forming CI-H
bonds (Figure S24), blocks with various Cl coordination including Mo3S7Cls, M03S7Cla,
Mo3S7Clb, and Mo3S7 were constructed in the calculations. The total density of states (DOS)
of all models was first examined. As shown in Figure 6b, except for the basal planes of MoS,,
all other models contain states at the Fermi level contributed from the d orbitals of the Mo
atoms. This implies that they all have metallic, rather than semiconducting, features, like the
edge of MoS» [22]. Figure 6¢ depicts the energetics of H adsorption (AGu+) on the S and Mo
sites of the various models (Figure S25-S31), where the shaded region denotes the optimal
range of AGu+ for HER. For benchmarking, crystalline MoS: was first examined for H
adsorption on its basal plane and edge sites. One can see that the S site of the basal plane of
crystalline MoS: exhibits a high AGnu+ of 1.87 eV (Figure S25), denoting the significant
difficulty for H adsorption. In contrast, for both Mo or S edge sites, AGyu* is diminished to -
0.40 and -0.26 eV (Figure S26), respectively, much closer to the ideal AGu= of 0 eV. This is
indeed consistent with widely reported results that the edge of MoS; provides the main active
sites of HER [5, 70]. The Mo03S7Cls cluster was then studied. One can see from Figure S27
that the AGu+ on apical S is 2.02 eV (Site 1), close to that on the basal plane S of crystalline
MoS, (Figure S25). As for bridging disulfides, though significantly lower than the apical one,
with a AGu+ of 0.87 (Site II) and 1.21 eV (Site III), respectively, they are still too high for H
adsorption (Figure 6¢). Interestingly, if Mo03S7Clg loses two CI atoms into Mo3S7Cls, the Mo
atom will be exposed, featuring a low AGn= of 0.18 eV (Site II, Figure S28) that suggests a
markedly better adsorption site for H than the MoS, edge. However, apical S (Site I) or
bridging S» (Site III-VI) of the cluster still possesses too high an adsorption energy for H (0.7
to 1.2 eV). If a further deprivation of Cl atoms occurs on Mo3S7Cls, the apical S of the yielded
Mo3S7Cl cluster now exhibits a near-zero AGu= of 0.09 eV (Site I, Figure S29), whereas the
exposed Mo site (Site II, AGu= = 0.46 eV) becomes worse than that of Mo3S7Cl4 (0.18 eV).
Other bridging S: sites still manifest too high a AGu+ of 0.7 to 0.9 eV (Site III-VI). In the
extreme case, without any CI atoms, the S and Mo sites of the Mo3S7 cluster show a AGps

over 0.9 eV, and are unlikely to be the active sites for HER (Figure S30).
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Figure 6. (a) Calculation models of Mo03S7Cls, M03S7Cls, M03S7Cl2, M03S7, MosS14, and
MoS,. (b) The corresponding total density of states (DOS) and (c) Gibbs free energies of H
adsorption on the various models. Note that the total DOS of the basal plane and the edge of
MoS: are shaded in grey and black in (b), respectively. H adsorptions on MoS: are calculated
separately on the basal plane and the edge. (d) Most suitable H adsorption on the S (upper,
site IIT in Figure S31) and Mo (lower, site V in Figure S31) sites on MoeS14, and (e) the
projected DOS (PDOS) of H s, Mo d, S p orbitals, and PDOS of Mo d, S p before H
adsorption. Dashed curves in (b) and (e) represent the position of the Fermi level (Es).
Nevertheless, considering that the post-electrochemistry XPS measurements showed a
complete loss of Cl residues from the samples, these basic MoS, clusters likely undergo
structural aggregation, with unsaturated Mo sites and bridging S». Therefore, dimeric MoeS14
was built by the aggregation of two Mo3S7 clusters (Figure 6a). In fact, when the exposed Mo
of one cluster is combined with the bridging S> of another, the S-S bond is dissociated to
coordinate with Mo, which is consistent with the XPS results that the bridging S, peaks
diminished after HER reactions. Also, the Mo to S atomic ratio (7:3) is close to 2.1, based on
XPS results. Several S and Mo sites of MoeS14 are examined and all are shown to be suitable
sites for HER (Figure 6¢ and S31), where the Mo site (Site V) exhibits a low AGu= of 0.07 eV
and one S site (Site III) shows a AGyu= of 0.04 eV. In addition, note that the apical S of MoeS14
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and Mo3S7Cl; all relaxed into an edge S-like fashion after H adsorption, which may account
for the diminishing apical S in XPS measurements (Figure 3b). Overall, it can be seen that
whereas M03S7Cl, (x = 2, 4) and MoeS14 all possess AGu= lower than that of the basal plane of
crystalline MoS» (Figure 6¢), MoeS14 is most likely the dominant structure responsible for the
HER activity, with the formation facilitated by the depletion of CI residues during
electrochemical operation. This is indeed consistent with the Tafel analysis (Figure 5b) that
the rate-determining step changed from the Heyrovsky step for MS-200 to the Volmer step for
MS-600, as the H became energetically difficult to adsorb onto the crystalline MoS» [18].

To gain deeper insights into the underlying mechanisms, projected density of states
(PDOS) was derived from these models to examine the characteristics of each elemental
orbital both before and after hydrogen adsorption. From Figure S32-S33, it can be seen that
the S p orbitals of bridging S» and apical S exhibit similar distributions to those in the basal
plane of MoSo, rather than the edge S atoms. These orbitals display an increasing number of
states farther away from the Fermi level, resulting in poor H adsorption on these sites.
However, there is an exception for the apical S atom in Mo3S7Cl2, which exhibits a low AGp=
of 0.09 eV. This exception may be attributed to the significant decrease in Mo-S (d-p orbitals)
antibonding states (0*) near the Fermi level upon H adsorption on the S site (Figure S34).
This would enhance the stability of the cluster and contribute to its favorable adsorption of H.
In contrast, all other clusters display newly formed antibonding states of S-H (p-s orbitals) at
the Fermi level, resulting in increased system energies (Figure S35) [9, 14, 71]. This
phenomenon explains the high AGn+ values observed on the S atoms in the basal plane of
MoS: due to the generation of H antibonding states (Figure S35). Conversely, such effects do
not occur on the edge S atoms of MoS» (Figure S36). In the case of MosS14, Figure 6d (upper)
illustrates the most suitable S site for H adsorption. The corresponding PDOS in Figure 6e
reveals upward shifts and a significant reduction in the filled states of Mo-S antibonding
states at the Fermi level, indicating that H adsorption enhances the stability of the system,
leading to a favorable AGu+. This observation is consistent with other S sites (Figure S37-
S38) and can account for the superior AGyu+ values depicted in Figure 6¢. Furthermore, Mo as
catalytic sites was evaluated by analyzing the PDOS of the Mo d orbitals and the
corresponding d-band center (Figure S39-S40). For clusters, the AGn+ values follow a linear
relation to the d-band center that a closer d-band center can lead to a stronger H adsorption
[72, 73]. Note that the MoS>-Mo edge site (Figure S41) and MosS14 do not follow this trend,
possibly due to their relatively stronger structural stability to these smaller clusters [9]. Like

the S sites of MoeS14, when H is bonded to the exposed Mo site (Figure 6d, lower), the Mo-S
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antibonding states at the Fermi level are drastically diminished. In summary, these results
show that hydrogen adsorption can be influenced by the H and Mo-S antibonding states,
which significantly impact the stability of the system.
4. Conclusion

In this study, MIH was employed for the rapid preparation (only 10 s) of carbon-supported
MoS, composites. The materials exhibited an apparent amorphous to crystalline structural
transition with increasing magnetic induction current (heating temperature), as manifested in a
range of structural characterizations. Among the series, the sample prepared at 200 A
consisted largely of amorphous MoS; with rich CI residues, featuring a structure resembling
the Mo3S7Cls cluster, due to incomplete thermal decomposition of the precursors, which was
challenging to obtain using traditional pyrolysis method. Therefore, MS-200 stood out as the
best HER catalyst in acid with a low Nnio of only -184 mV. In contrast, the samples prepared at
higher MH currents exhibited a mostly crystalline MoS; structure and required a much higher
Nio (over -340 mV). DFT studies showed that optimal H* absorption occurred on the Mo and
S sites of amorphous MoSy, instead of the basal planes of crystalline MoS,, and the Mo3S7Cl,
(x =2, 4) and MosS14 dimeric cluster units were identified as the preferred HER active sites.
In conjunction with experimental results, however, it was found that the HER activity was
primarily due to MosS14, where the dimerization was facilitated by the loss of Cl residues of
Mo3S7Cl, during electrochemical reaction in acidic media. In summary, these results highlight
the unique significance of MIH in the rapid production of defective/nonequilibrium
nanocomposites for enhanced electrocatalytic performance. In particular, this can be
integrated with other structural engineering strategies for further improvement of the
performance, such as heteroatom/metal doping, metal-support interaction, etc, such that the
samples can also be used for other energy storage technologies and environmental
applications [15]. Relevant research is ongoing and results will be reported in due course.
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