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ABSTRACT: Molybdenum disulfide (MoS,) is a promising
nonprecious catalyst for the hydrogen evolution reaction
(HER) that has been extensively studied due to its excellent
performance, but the lack of understanding of the factors that
impact its catalytic activity hinders further design and
enhancement of MoS,-based electrocatalysts. Here, by using
novel porous (holey) metallic 1T phase MoS, nanosheets
synthesized by a liquid-ammonia-assisted lithiation route, we
systematically investigated the contributions of crystal structure
(phase), edges, and sulfur vacancies (S-vacancies) to the
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catalytic activity toward HER from five representative MoS, nanosheet samples, including 2H and 1T phase, porous 2H and 1T
phase, and sulfur-compensated porous 2H phase. Superior HER catalytic activity was achieved in the porous 1T phase MoS,
nanosheets that have even more edges and S-vacancies than conventional 1T phase MoS,. A comparative study revealed that the
phase serves as the key role in determining the HER performance, as 1T phase MoS, always outperforms the corresponding 2H
phase MoS, samples, and that both edges and S-vacancies also contribute significantly to the catalytic activity in porous MoS,
samples. Then, using combined defect characterization techniques of electron spin resonance spectroscopy and positron
annihilation lifetime spectroscopy to quantify the S-vacancies, the contributions of each factor were individually elucidated. This
study presents new insights and opens up new avenues for designing electrocatalysts based on MoS, or other layered materials

with enhanced HER performance.

B INTRODUCTION

Hydrogen (H,) is a promising clean and sustainable energy
carrier and can be a suitable candidate to solve the energy and
environmental crisis brought by the consumption of fossil fuels.
As a result, the hydrogen evolution reaction (HER) has
attracted a great deal of attention due to this urgent need for
clean energy.lf6 Noble metals, such as platinum, have excellent
catalytic activity toward HER, but unfortunately, its application
in large-scale hydrogen production is limited by the high cost
and natural scarcity.” Development of new Earth-abundant
electrocatalysts to replace these rare and expensive noble metal
catalysts is therefore highly desirable to realize highly efficient
and sustainable hydrogen production.’ Among the Earth-
abundant electrocatalysts explored,” including transition metal
sulfides,”™*® selenides,”'? and phosphides,zo_22 MS, (M = Mo
or W) with two-dimensional (2D)-layered crystal structures are
very promising catalysts with high HER catalytic activ-
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ities”®'°™"” that potentially rival the state-of-the-art catalysts

in solar-driven photoelectrochemical cells.”’

However, debate over the key factors influencing HER
catalytic activity restricts further design and improvement of the
MoS,-based electrocatalysts, although considerable efforts have
been made during the past few years.”'”'"'* The HER activity
of semiconducting MoS, arising from the edge sites was first
confirmed;** therefore, many works focused on engineering
higher densities of edge sites.”'” Conductivity and electrical
contact were identified as other crucial factors,” and
considerable effort was devoted to the improvement of either
or both of these factors for enhancing HER performance of
MoS, catalysts.zs_27 Recently, the nanosheets (NS) of
exfoliated metallic 1T phase MoS, and WS, (with octahedral
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Figure 1. Schematic illustration of the preparation of mesoporous 1T phase MoS, nanosheets (P-1T-MoS,, d) from bulk MoS, (a) by a LAAL
process, including lithiation, desulfurization, and exfoliation (steps I, II, and III). Mesoporous 2H phase MoS, nanosheets (P-2H-MoS,, e) can be

obtained by a simple thermal annealing process from P-1T-MoS, (step IV).

structure) were demonstrated to exhibit HER catalytic
performance superior to that of the semiconducting 2H
phase (with trigonal-prismatic coordination) due to enhanced
intrinsic catalytic activity facilitating the charge transfer
kinetics.">"” Althou7gh subsequent theoretical”* ™" and exper-
imental results®'®'”*> have confirmed the critical role of the
electronic structure of the 1T-MoS, NS on the HER catalytic
activity, the intrinsic mechanism for the HER enhancement in
1T-MoS, has yet to be completely elucidated, especially the
roles of the edges and S-vacancies. For instance, once converted
into the 1T metallic phase, are the edges of MoS, still the only
catalytic active sites, as in the case of semiconducting 2H-
MoS,,** and can the defects of the 1T-MoS, be catalytically
active, as well? The basal plane of the 1T phase was su§§ested
to also be catalytically active both experimentally”™ and
theoretically,”* ™" which challenges the contribution of the
edges in HER activity.” In addition, the common defects of S-
vacancies in MoS, were recently suggested to have a significant
impact on HER catalytic activity.” It is notable that defect-rich
2H-MoS, NS with additional exposure of active edge sites
exhibited enhanced HER performance,®* and both structural
and electronic benefits for enhanced HER activity in 2H phase
MoS, have been realized by controllable disorder engineering
and simultaneous oxygen incorporation.'” In light of these
complexities, a comprehensive and systematic investigation of
these factors including phase, edges, and defects on the HER
performance in both 2H and 1T phase MoS, is required.

To elucidate the contributions of edges and S-vacancies,
mesoporous 1T-MoS, NS with increased content of both could
meet this requirement. Recently, a liquid-ammonia-assisted
lithiation (LAAL) strategy was developed to exfoliate 2D-
layered materials.”> Here, we used this strategy to synthesize
novel mesoporous (holey) 1T phase MoS, NS (P-1T-MoS,)
with many edge sites and a large concentration of S-vacancies
for the first time (Figure 1). Due to the severe desulfurization
reaction between lithium and MoS,, such unique mesoporous
1T phase MoS, NS not only exhibit superior catalytic
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performance but also serve as an ideal platform for probing
the roles of phase, edges, and S-vacancies in 1T phase MoS, for
HER in a holistic way. Additionally, another four representative
samples including mesoporous 2H phase MoS, NS (P-2H-
MoS,), mesoporous 2H phase MoS, NS after sulfur
compensation (P-2H-MoS,+S), 1T phase MoS, NS (1T-
MoS,), and 2H phase Mo$S, NS (2H-MoS,) were also prepared
as model systems for a comprehensive investigation of the key
factors influencing the HER catalysis of MoS,. This study
shows that in addition to the crystal phase that was determined
to be the key factor in the HER catalytic activity of P-1T-MoS,,
both S-vacancies and edges also contribute significantly. The
superior HER performance of the P-1T-MoS, NS can be
ascribed to the cooperative effect of phase, edges, and S-
vacancies. This study provides a unique opportunity to
understand the intrinsic electrocatalytic nature in MoS,,
which allow us to achieve a superior HER performance with
only pure MoS, and may pave the way for the further design of
MoS,-based electrocatalysts for HER and other applications.

B MATERIALS AND METHODS

Materials. MoS, (99.99%), metal lithium (99.999%), sulfur powder
(99.99%), and N-methylpyrrolidone (NMP) (99.99%) were purchased
from Alfa Aesar Chemical Co., Ltd. n-Butyl lithium (99.99%) was
purchased from Aladdin. All the reagents were used without any
further purification.

Synthesis of the Materials. Mesoporous 1T Phase MoS,
Nanosheets (P-1T-MoS,). The preparation of P-1T-MoS, from bulk
MoS, materials was carried out by a three-step lithiation process using
lithium—liquid ammonia medium similar to a previous work (Figure
1).* In step I, ~0.5 g of bulk MoS, powder and lithium pieces with a
molar ratio of 1:5 were loaded in a test tube (Figure Sla) in an argon-
filled glovebox to prevent air and water contamination. The test tube
was then dipped into a liquid nitrogen bath and evacuated to a
pressure of 5 X 10™* Pa. High-purity ammonia gas was introduced into
the tube and condensed into ~12 mL of liquid, in which bulk MoS,
powder was immersed (Figure S1b). The lithiation reaction started
when the liquid ammonia contacted with lithium, with the blue color
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Figure 2. Morphology and structure characterizations of P-1T-MoS,
image. (c) SAED pattern corresponding to (a). (d) AFM image.

nanosheets. (a) Low-resolution STEM image. (b) High-resolution STEM

(the characteristic color of e-(NHj;),) gradually fading within 30 min
(Figure S1c). In step II, the liquid ammonia was carefully removed by
evaporation (Figure S1d). After the intercalation process, the Li-
intercalated sample was exfoliated and ultrasonicated in deionized
water for 30 min, during which a large number of bubbles were
observed and an opaque suspension was produced (Figure Sle). In
step III, the suspension was centrifuged at 1500 rpm to remove the
residual unexfoliated MoS, particles and washed five times with
deionized water to isolate the P-1T-MoS,. Mesoporous 1T phase
MoS, samples prepared with different molar ratios of lithium and
MoS, (1:1, 2:1, 3:1, and 4:1) were also obtained following this route.

Mesoporous 2H Phase MoS, Nanosheets (P-2H-MoS,). P-2H-
MoS, was prepared through a simple annealing process from P-1T-
MoS, (step IV in Figure 1). About 15 mg of as-prepared P-1T-MoS,
was loaded in an alumina boat and placed in a single-zone tube
furnace. The reactor was evacuated and flushed five times with high-
purity argon (99.999%) before being heated to SSO °C with a ramp
rate of ~5 °C/min under an argon flow of ~50 sccm and maintained
at 550 °C for 2 h to ensure a complete transition from 1T to 2H phase.
After that, the furnace was cooled to room temperature naturally with
a flow of ~100 sccm argon.

Sulfur-Compensated Mesoporous 2H Phase MoS, Nanosheets
(P-2H-M0S+S). An alumina boat loaded with ~8 mg of P-2H-MoS,
was placed at the downstream end of the tube furnace. Then, ~1 g of
sulfur powder in another alumina boat was positioned at the upstream
end of the quartz tube. The distance between the two boats was ~30
cm. The tube furnace was then evacuated, and high-purity argon was
flowed at ~S50 sccm for 20 min while the temperature was ramped to
550 °C. The temperature was held for 2 h at 550 °C with 80 sccm
argon carrier gas flow. Finally, the furnace was then naturally cooled to
room temperature.

2H Phase MoS, Nanosheets (2H-MoS,). The ultrathin 2H-MoS,
was obtained by liquid exfoliation of bulk MoS, powders in NMP.*®
About 100 mg of bulk MoS, powder was dispersed in 10 mL of NMP
and then ultrasonicated for 10 h followed by 24 h standing. The as-
formed suspension was then centrifuged at ~3000 rpm to remove the
residual unexfoliated MoS,. After centrifugation, the top one-third of
the suspension was extracted by pipetting.

1T Phase MoS, Nanosheets (1T-MoS,). The preparation of 1T-
MoS, was performed in an argon-filled glovebox.'* About 0.5 g of bulk
MoS, powder was soaked in 40 mL of n-butyl lithium (2.7 M in
heptane) in a sealed vial at room temperature for >72 h and
subsequently exfoliated by the reaction between the intercalated
lithium with water. Excess n-butyl lithium was removed by rinsing the
samples with dry heptane followed by deionized water.

Structural Characterization. X-ray diffraction (XRD) measure-
ments were performed on a Rigaku D/max 2500 X-ray diffractometer
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using Cu Ka radiation. High-angle annular dark-field imaging was
performed using a JEOL ARM 200F (JEOL, Tokyo) transmission
electron microscope. The attainable resolution defined by the probe-
forming objective lens was <80 pm. The raw images were processed
with an average background subtraction filter to reduce noise. The
thickness of MoS, NS was analyzed by atomic force microscopy
(AFM) on a Bruker DI MultiMode-8 system. X-ray photoelectron
spectra (XPS) were recorded on an ESCALAB MKII using an Al Ka
excitation source. Raman spectra were collected on a Renishaw inVia
confocal micro-Raman spectroscopy system using a TE air-cooled 576
X 400 CCD array with a 633 nm excitation laser.

Electron Spin Resonance Spectroscopy Measurement.
Electron spin resonance (ESR) measurements were performed on a
Bruker ER 200D spectrometer at room temperature. The as-prepared
samples of ~28 mg were loaded in a quartz tube. The microwave
frequency was maintained in the range from 9.8591 to 9.8599 GHz (X-
band), and the microwave power was fixed at ~20 mW to avoid
saturation.

Positron Annihilation Measurement. As-obtained samples were
pressed into two pellets with a thickness of ~1 mm. A sandwiched
structure of the sample—source—sample (e.g., P-1T-MoS,/Na source/
P-1T-MoS,) was utilized for the positron annihilation lifetime
spectroscopy (PALS) experiments performed on a fast—slow
coincidence ORTEC system with a time resolution of ~195 ps at
full width at half-maximum. More than two million counts were
accumulated for each spectrum to reduce the statistical error in the
calculation of lifetimes. Positron lifetime spectra were deconvoluted
and analyzed using the LT-9 program.”’

Electrode Preparation and Electrochemical Characteriza-
tion. Electrochemical measurements were performed with a standard
three-electrode setup (CH Instruments) using Ag/AgCl (in 3.5 M KCl
solution) as the reference electrode, a graphite rod (Alfa Aesar,
99.9995%) as the counter electrode, and glassy carbon electrode (3
mm in diameter) coated with MoS, catalysts as the working electrode
in a rotating disk electrode (RDE) operating at 2000 rpm. The catalyst
was ultrasonically dispersed in a water—ethanol solution (v/v 3:1)
containing 0.1 wt % Nafion, and a drop of the catalyst (S uL, 2.0 mg/
mL) was then transferred onto the glassy carbon electrode serving as a
working electrode. The amount of deposited solid mass was calculated
to be 10 pg, yielding an estimated catalyst loading of 0.14 + 0.01 mg/
cm? on the glassy carbon electrode with a geometric area of 0.07 cm™
All measurements were performed in H,-saturated 0.5 M H,SO, (aq)
and measured using a linear sweep with a scan rate of S mV s™". Cyclic
voltammograms at various scan rates (20, 40, 60, 80, 100, 120, 140,
160, and 180 mV/s) were collected in the 0.1—0.2 V vs RHE range
and used to estimate the double-layer capacitance. The electrochemical
impedance spectroscopy (EIS) measurements were carried out at 250
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mV overpotential with the frequency ranging from 10° to 0.1 Hz. To
better compare the true catalytic activity of the different catalysts, we
used the series resistance determined from EIS experiments to correct
the polarization measurements and subsequent Tafel analysis for the
iR losses. All of the potentials were referenced to a reversible hydrogen
electrode (RHE).

B RESULTS AND DISCUSSION

P-1T-MoS, was successfully synthesized by the LAAL method
with a molar ratio of lithium to MoS, at 5:1, as illustrated in
Figure 1 (steps I-III; see details in the Materials and Methods
section), and scanning transmission electron microscopy
(STEM) (Figure 2a) was used to verify the ultrathin
characteristics of the as-prepared samples. Furthermore, high-
resolution STEM (Figure 2b) demonstrates the porous features
as denoted by the red arrows, which are in clear contrast to
previously reported 1T-MoS, NS exfoliated using n-butyl
lithium."> The selected area electron diffraction (SAED)
pattern (Figure 2c) demonstrates a typical hexagonal spot
pattern corresponding to 2H phase MoS, and an extra strong
hexagonal spot at 30° between the hexagonal spots assigned to
the 1T phase MoS,.*® The thickness of the as-synthesized
samples was evaluated by tapping-mode AFM (Figure 2d) with
a topographic height of ~1.5 nm, suggesting the P-1T-MoS,
NS have a nearly uniform thickness of ~1—2 layers. The
absence of diffraction peaks in the XRD pattern (Figure S2)
clearly demonstrated that the long-range stacking order of the
layers along the ¢ axis was destroyed and the bulk MoS, was
efficiently exfoliated into NS of single or few layers.
Characterization of other porous samples prepared with
different molar ratios of MoS, and lithium reveals the evolution
of mesoporous structures and increased content of 1T phase
MoS, with increased lithiation (Figures S3—SS and Table S1).
The P-1T-MoS, NS sample prepared with a molar ratio of
lithium to MoS, at S:1 was selected as the representative
sample in the following discussion due to its saturated content
of 1T phase and most prominent mesoporous features. The as-
prepared P-1T-MoS, NS were subsequently converted into P-
2H-MoS, NS by annealing at 550 °C in argon (step IV in
Figure 1), with further annealing in sulfur vapor to (partially)
compensate the S-vacancies at the same temperature and
generate the P-2H-MoS,+S sample. High-resolution STEM
images of P-2H-MoS, and P-2H-MoS,+S indicate that the
porous features of P-1T-MoS, can be well maintained during
the annealing process (Figure S6). For comparison, reference
samples of 2H-MoS, and 1T-MoS, were obtained following
previous reports.'>*® It has been reported that the layer
number of MoS, material can greatly affect its HER
activity,”™*' and here, five representative samples with the
same thickness (layer number) are selected for further study in
order to eliminate the influence of the layer numbers (see AFM
in Figure S7).

A comparison of the Raman features of P-1T-, 1T-, P-2H-, P-
2H+S-, and 2H-MoS, NS with the bulk MoS, is shown in
Figure 3a. Due to the difference of the symmetry elements in
crystal structures, the emergence of new Raman modes located
at ~195, 218, and 351 cm™' observed in 1T samples provides
convincing evidence of the structural transition from pristine
2H to 1T phase MoS,.*”** High-resolution XPS measurements
then were performed to further quantify the extent of the 1T
phase (Figure 3b). For 2H phase MoS,, Mo 3d spectra consist
of peaks around 229.4 and 232.5 eV corresponding to the Mo
3ds/, and Mo 3d;/, components, respectively. Notably, an
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Figure 3. Structure characterization of the representative MoS,
nanosheets. (a) Raman spectra and (b) XPS spectra for P-1T-, 1T-,
P-2H-, P-2H+S-, and 2H-MoS, NS in contrast with the bulk MoS,
powder.

obvious red shift for both the Mo 3d;,, and Mo 3d;,, peaks to
the lower binding energies by ~0.81 and 0.75 eV was observed
in 1T phase MoS, and is consistent with previous reports.””
Quantification of these peaks reveals that a maximum value of
~82% 1T phase (Figure S8) was obtained by the LAAL route,
similar to that prepared by using lithium borohydride
(LiBH,).** Similarly, with respect to the S 2p peak, an obvious
shift toward lower binding energies due to a structure transition
from 2H to 1T phase MoS, was also observed (Figure S9).

Next, we measured the electrochemical characteristics of
various MoS, samples drop-casted on glassy carbon electrodes
toward the HER catalytic performance using a RDE at a rate of
2000 rpm in 0.5 M H,SO, in comparison to a platinum wire
(see the Materials and Methods section for details). The key
electrochemical results are also listed in Table 1. Figure 4a
shows that P-1T-, 1T-, P-2H-, P-2H+S-, and 2H-MoS, can
achieve a geometric catalytic current density of 10 mA-cm™? at
overpotentials (77) of 154, 202, 219, 257, and 334 mV (vs RHE
after iR correction), respectively (see Table 1). The featureless
polarization curve indicates that bulk 2H-MoS, powder
provides almost negligible HER activity. From the extrapolation
of the linear region of overpotential (17) versus log j (Figure
4b), we obtained Tafel slopes of 43, 48, 62, 82, and 106 mV per
decade (after iR correction) for P-1T-, 1T-, P-2H-, P-2H+S-,
and 2H-MoS,, respectively (Table 1). Such low Tafel slope
values around 40 mV/decade for P-1T- and 1T-MoS, suggest a
two-electron transfer process,44 which is smaller than that of
many other reported MoS,-based HER catalysts”'>** and
indicates efficient kinetics of H, evolution. The low over-
potential of P-1T-MoS, (154 mV vs RHE for achieving 10 mA/
cm?) is better than or at least comparable to most of the
reported phase-pure MoS,-based HER catalysts (or MoS,
nanocarbon composites).'”'*****~* From the intercept of
the linear region of the Tafel plots, geometrical exchange
current densities (jo,geomemcal) of 15.8, 12.6, 10.5, 7.9, and 3.2 yA
cm™2 were obtained for P-1T-, 1T-, P-2H-, P-2H+S-, and 2H-
MoS,, respectively. The remarkable jogeometicai Value again
suggests the excellent HER catalytic activity of P-1T-MoS,,
with more effective active sites originated from its unique
structure characteristics.

To probe the difference in HER performance by the various
MoS, samples, we measured the double-layer capacitance (Cy)
derived from the cyclic voltammogrametry measurement results
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Table 1. Summary of the Electrocatalytic Parameters, ESR Signal, and Positron Lifetime Parameters for Various MoS, NS

Samples in Contrast with Bulk MoS, Powder

positron lifetime parameters

n (mV vs RHE) for  Tafel slope Cyq R, Jogeometriyt  ESR intensity of
samples j=-10mAcm™> (mVdec!) (mFem™?) (Q) (#Acm?) S (X10%u/mg) 7, (ps) I, (%) 7, (ps) L, (%)
P-1T-MoS$, 153 43 63.1 16 15.8 1.67 + 0.06 1724 + 62 430 £ 04 3461 +54 555+ 05
P-2H-MoS, 218 62 82 280 10.5 0.81 + 0.08 1838 + 1.1 439+ 06 3349 +28  545+06
P-2H-MoS,+$ 257 82 59 558 7.9 1.76 + 0.05 1799 + 68 432 +05 3567 +72 529 +06
1T-MoS$, 203 48 23.8 30 12.6 3.36 + 0.10 1751+ 47 589+ 08 3616+ 54 401 +05
2H-MoS, 343 106 03 928 32 1.87 + 0.05 1711 £ 1.7 622 +08  3155+55 362+ 06
bulk MoS, 1.91 + 0.02 1700 + 40 664 + 1.0 3218 £95 322 +08
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Figure 4. Electrochemical characterization of various MoS, samples for HER catalysis. (a) J—V curves after iR correction show the catalytic
performance of various MoS, samples in comparison to a Pt wire. (b) Tafel plots for the data presented in (a). (c) Plots showing the extraction of
the Cy for different MoS, samples. (d) Electrochemical impedance spectroscopy Nyquist plots for various MoS, samples. All measurement was
carried out with a catalyst loading of 0.14 + 0.01 mg/cm” on the glassy carbon electrode.

(Figure S10), which is proportional to the effective electro-
chemically active surface area (ECSA). Capacitive current was
plotted as a function of scan rate to extract the Cy (Figure 4c),
whose slope is equivalent to twice the value of Cy. The
calculated Cy values were 63.1, 23.8, 8.2, 5.9, and 0.3 mF-cm™>
for P-1T-, 1T-, P-2H-, P-2H+S-, and 2H-MoS,, respectively
(Table 1). This indicates that 1T phase MoS, samples display
higher exposure of catalytically active sites. Furthermore, when
comparing P-1T- with 1T-MoS,, introducing more edges and
S-vacancies creates more HER-active sites, verifying the effect
of edges and S-vacancies in HER catalysis, which was also
observed for P-2H- and 2H-MoS,. After sulfur compensation,
the ECSA was reduced in comparison between P-2H-MoS, and
P-2H-MoS,+S, an indication that the S-vacancies may promote
the HER activity by way of providing more active sites.
Furthermore, the electrochemical stability of the P-1T-MoS,
NS was also demonstrated. Obviously, after 1000 cycles (or
20000 s) of continuous operation, as-synthesized P-1T-MoS,
NS displayed <7% (15%) decay in the electrocatalytic current
density (Figure S11). We also applied EIS to provide further
insight into the electrode kinetics during HER. The Nyquist
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plots (Figure 4d) were fitted using an equivalent circuit inset in
Figure 4d to extract the charge transfer resistance (R,) of 16,
30, 280, 558, and 928 Q for P-1T-, 1T-, P-2H-, P-2H+S-, and
2H-MoS,, respectively (Table 1). The R, of both 1T-MoS,
samples is at least 1 order of magnitude smaller than that of
2H-MoS,, which suggests an ultrafast Faradaic process and thus
superior HER kinetics. The smallest R, from P-1T-MoS, is
attributed to its unique structure in addition to phase, where
more edges and S-vacancies are introduced during the LAAL
lithiation process. Furthermore, sulfur compensation almost
doubles the R value of P-2H-MoS,+S as compared to that of
P-2H-MoS,, which is another indication that S-vacancies also
facilitate charge transfer during HER. The catalytic turnover
frequency has also been estimated (see Supporting Informa-
tion),* which is about 0.5 H, s™' per surface site for the
representative P-1T-MoS, sample at an overpotential of 153
mV (a current density of 10 mA cm™2).

The comprehensive comparison of the electrochemical
performances from these representative MoS, samples above
(Table 1) reveals several important points. First, the 1T phase
(including both conventional 1T and porous 1T) MoS, always
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demonstrates HER catalytic activity superior to that of the
corresponding 2H phase, consistent with previous stud-
es.">'%* Of note is that increasing the density of edges, as
found in the P-1T-MoS, and P-2H-MoS, samples, can further
improve the catalytic performance because the edge-terminated
features can ensure an isotropic electron transport as compared
to their bulk morphologies.45 More importantly, porous 1T-
MoS, does perform better than 1T-MoS,, which suggests that
the edges in 1T-MoS, NS are still important for catalytic
activity. However, the contribution of S-vacancies to the HER
catalysis also should not be neglected as it manifests as a
decrease in the overpotential of P-2H-MoS,+S when sulfur was
replenished to P-2H-MoS, to reduce S-vacancies. Though
quantitative determination of the edges is not available
currently, the positive effect of S-vacancies has been clearly
revealed in our case. These electrochemical data clearly indicate
that the HER activity of the MoS, samples is dominated by a
cooperative effect of crystal phase, concentration of edges, and
S-vacancies.

To further study the contribution of S-vacancies in Mo§, for
HER, we employed ESR spectroscopy to provide fingerprint
information for a paramagnetic signal. Among them, the S
signal observed at ~3500 G (g = 1.91-2.003) can be ascribed
to the contribution from Mo—S dangling bonds,**° where a
higher intensity indicates less S-vacancies. As shown in Figure 5

4000+ Bulk MoSz S
1 2,035
] ——P-1T Mos: s

3000 | =—1T MoS2

2000 4 P-2H MoS:2
{ ——P-2HMosz+s

——2H MoS2

ESR intensity (a.u./mg)

T T T
3520 3540 3560

H (Gauss)

T T
3480 3500

Figure S. Electron spin resonance spectra for various MoS, samples.
The S signal is ascribed to the contribution from Mo—S dangling
bonding, and a higher intensity indicates lower concentration of S-
vacancies.

and Table 1, the S signal increases significantly from pristine
bulk MoS, (~1.91 X 10* au/mg) to 1T-MoS, (~3.36 X 10 au/
mg) due to the expansion of the Mo—S bond during the
formation of the 1T phase. Significant reduction in S signal
intensity of P-1T-MoS, as compared to that of 1T-MoS, reveals
an obvious increase of S-vacancies introduced during the harsh
lithiation process of LAAL. The annealing process that
transformed the crystal structure from P-1T- to P-2H-MoS,,
accompanied by partial reconstruction of Mo—S bonding, led
to a significantly decreased S signal from ~1.67 X 10° to ~0.81
X 10° au/mg. Subsequently, it follows that the S signal was
enhanced from P-2H-MoS, to P-2H-MoS,+S as the concen-
tration of S-vacancies was reduced after sulfur compensation.
Furthermore, with the increase in the molar ratio of MoS, to
lithium from 1:1 to 1:5 in the various porous samples prepared
via LAAL, the value of the S signal exhibited a decrease from
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~3.22 X 10* to ~1.67 X 10* au/mg (Figure S12 and Table S2),
suggesting a gradual increase of the S-vacancy concentration in
P-1T-MoS, samples.

To provide direct information on the S-vacancies with parts
per million level sensitivity in various MoS, samples, we further
employed PALS.”"*> Normally, the positron lifetime spectra
(Figure S13) can be fit to an exponential function of three
components corresponding to different annihilation sites.
Herein, the long lifetime of more than 2 ns, usually assigned
to the annihilations at voids/surface, was not considered due to
its negligible contribution.> Then, we only consider two
lifetime components in PALS spectra, 7, and 7,, with relative
intensities, I; and I, (Table 1). The predominant shorter
component (7;, 170 £ S ps) was assigned to the bulk lifetime of
MoS,, while another longer life component (z,, 321.8 & 7 ps)
was attributed to the positron annihilation corresponding to S-
vacancies.”*” This is what we will focus our discussion on. The
relative concentration of S-vacancies can be determined from
the relative intensity I. I, of 2H-MoS, is slightly higher than that
of bulk MoS,, revealing very limited S-vacancies in 2H-MoS,.
After lithiation, the S-vacancies become dominant in the P-1T,
P-2H, and P-2H+S samples, with I, exceeding ~52%.
Furthermore, as shown in Table S2, the content of S-vacancies
gradually increases with increasing ratio of lithium to MoS, in
various porous MoS, samples prepared via the LAAL process
due to the enhanced desulfurization reaction, in good
agreement with the ESR results above. From P-1T to P-2H,
it was found that although the quantity of Mo—S bonding
decreased, the content of S-vacancies remained unchanged.
This further confirms the critical role of phase for HER catalytic
activity of MoS,, while the contributions from edges and S-
vacancies are kept constant. When comparing P-2H and P-2H
+S, the slight decrease in I, indicates that S-vacancies were
partially restored by sulfur compensation successfully. It is
worth noting that not all of the sulfur was utilized to fill in the
S-vacancies but to form new Mo—S dangling bonds
simultaneously, as revealed by an increased S signal in ESR
from ~0.81 X 10° to 1.76 X 10® au/mg. Finally, from P-2H+S-
to P-2H-MoS,, it can observed that with all other factors being
equal, the increased S-vacancy concentration can lead to
enhanced HER catalytic activity, independent of whether the S-
vacancies come from the edges or the basal plane, which is
consistent with a recent report.33

Both ESR and PALS characterization techniques above
provide convincing evidence to reveal and quantify S-vacancies
and confirm their influence on HER catalysis. As a result, we
can conclude that (i) comparing P-1T- with P-2H-MoS,,
similar I, values suggest that phase rather than edges or S-
vacancies dominates the electrocatalytic activity of MoS,; (ii)
comparing P-1T- with 1T-MoS,, both edges and S-vacancies
also play important roles in determining the superior HER
performance in P-1T-MoS,; (iii) from comparing P-2H and P-
2H+S with identical content of edges and the same crystal
phase, increased content of S-vacancies improves the HER
performance. The enhanced catalytic activity and superior HER
catalytic performance in P-1T-MoS, were therefore attributed
to the cooperative effect of phase, edges, and S-vacancies.

Bl CONCLUSIONS

In summary, we have used a series of representative (and in
some cases unique) samples, including porous 17T-, porous 2H-,
porous 2H+S-, 1T-, and 2H-MoS, nanosheets, to systematically
probe the contributions of phase, edges, and S-vacancies to the
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HER catalytic activity by utilizing Raman, XPS, and electro-
chemical impedance spectroscopy, as well as electron spin
resonance and positron annihilation lifetime spectroscopy.
These comprehensive studies conclusively show that the crystal
phase serves as the key role in determining the HER catalytic
activity in both conventional 1T and porous 1T phase MoS,
nanosheets and also that the edges and S-vacancies make
significant contributions to the electrocatalytic properties of
MoS,. Due to the cooperative effects of the phase, S-vacancies,
and edges, high intrinsic HER activity can be obtained on the
porous 1T-MoS, nanosheets, with 77 = 153 mV vs RHE for j =
—10 mA-cm™? a Tafel slope of 43 mV per decade, and higher
electrochemically active surface area. This study provides new
and comprehensive insights to reveal the critical factors that
influence the catalytic activity of MoS,, which will enable the
design and improvement of Earth-abundant electrocatalysts
based on MoS, and other layered materials with further
enhanced catalytic performance.
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