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The ability to intercalate guest species into the van der Waals gap
of 2D layered materials affords the opportunity to engineer the
electronic structures for a variety of applications. Here we demon-
strate the continuous tuning of layer vertically aligned MoS, nano-
films through electrochemical intercalation of Li* ions. By scanning
the Li intercalation potential from high to low, we have gained
control of multiple important material properties in a continuous
manner, including tuning the oxidation state of Mo, the transition
of semiconducting 2H to metallic 1T phase, and expanding the van
der Waals gap until exfoliation. Using such nanofilms after differ-
ent degree of Li intercalation, we show the significant improve-
ment of the hydrogen evolution reaction activity. A strong corre-
lation between such tunable material properties and hydrogen
evolution reaction activity is established. This work provides an
intriguing and effective approach on tuning electronic structures
for optimizing the catalytic activity.

2D materials | layer vertically standing | electrochemical catalysis

ayer-structured 2D materials are an interesting family of

materials with strong covalent bonding within molecular
layers and weak van der Waals interaction between layers. Be-
yond intensively studied graphene-related materials (1-4), there
has been recent strong interest in other layered materials whose
vertical thickness can be thinned down to less than few nano-
meters and horizontal width can also be reduced to nanoscale
(5-9). The strong interest is driven by their interesting physical
and chemical properties (2, 10) and their potential applications
in transistors, batteries, topological insulators, thermoelectrics,
artificial photosynthesis, and catalysis (4, 11-25).

One of the unique properties of 2D layered materials is their
ability to intercalate guest species into their van der Waals gaps,
opening up the opportunities to tune the properties of materials.
For example, the spacing between the 2D layers could be increased
by intercalation such as lithium (Li) intercalated graphite or mo-
lybdenum disulfide (MoS,) and copper intercalated bismuth sele-
nide (26-29). The electronic structures of the host lattice, such as
the charge density, anisotropic transport, oxidation state, and phase
transition, may also be changed by different species intercalation
(26, 27).

As one of the most interesting layered materials, MoS, has
been extensively studied in a variety of areas such as electro-
catalysis (20-22, 30-36). It is known that there is a strong cor-
relation between the electronic structure and catalytic activity of
the catalysts (20, 37-41). It is intriguing to continuously tune the
morphology and electronic structure of MoS, and explore the
effects on MoS, hydrogen evolution reaction (HER) activity.
Very recent studies demonstrated that the monolayered MoS,
and WS, nanosheets with 1T metallic phase synthesized by
chemical exfoliation exhibited superior HER catalytic activity to
those with 2H semiconducting phase (35, 42), with a possible
explanation that the strained 1T phase facilitates the hydrogen
binding process during HER (42). However, it only offers two
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end states of materials and does not offer a continuous tuning.
A systematic investigation to correlate the gradually tuned elec-
tronic structure, including oxidation state shift and semiconducting—
metallic phase transition, and the corresponding HER activity is
important but unexplored. We believe that the Li electrochemical
intercalation method offers a unique way to tune the catalysts for
optimization.

In this paper, we demonstrate that the layer spacing, oxidation
state, and the ratio of 2H semiconducting to 1T metallic phase of
MoS; HER catalysts were continuously tuned by Li intercalation
to different voltages vs. Li*/Li in nanofilms with molecular layers
perpendicular to the substrates. Correspondingly, the catalytic
activity for HER was observed to be continuously tuned. The
lower oxidation state of Mo and 1T metallic phase of MoS, turn
out to have better HER catalytic activities. The performance of
MoS, catalyst on both flat and 3D electrodes was dramatically
improved when it was discharged to low potentials vs. Li*/Li.

Results

Synthesis and Characterization. The atomic structure of 2H MoS,
is illustrated in Fig. 14. Charge neutral molecular layers con-
sisting of covalently bonded Mo and S atoms stack along the
z direction by weak van der Waals interaction. To largely expose
the active edge sites for HER (20, 21, 43), MoS, nanofilms on
mirror polished glassy carbon (MPGC) with molecular layers
perpendicular to the substrate were converted from 12-nm Mo
film by a rapid sulfurization process presented in our previous
work (43, 44) (Materials and Methods), as illustrated by the
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Fig. 1. Schematics and galvanostatic discharge curve of Li electrochemical
intercalation into MoS, nanofilms. (A) Crystal structure of 2H MoS,. (B)
Schematic of the battery testing system. The cathode is MoS, nanofilm with
molecular layers perpendicular to the substrate, where the green and yellow
colors represent the edge sites and the terrace sites, respectively. The anode
is the Li foil. (C) Galvanostatic discharge curve representing the lithiation
process. Li intercalates into the van der Waals gaps of MoS, to donate
electrons to the slabs and expand the layer spacing. The voltage mono-
tonically drops to 1.2 V vs. Li*/Li to reach a Li content of 0.28, after which the
system undergoes a 2H to 1T MoS, first-order phase transition. The atomic
structure is changed from trigonal prismatic to octahedral, along with the
electronic semiconducting to metallic transition.

schematic in Fig. 1B. The as-grown MoS, nanofilm together with
a piece of Li foil were then made into a pouch battery cell to
perform Li electrochemical intercalation through a galvanostatic
discharge process and form Li,MoS, compound (Materials and
Methods). The battery testing system enabled us to monitor and
control the lithiation process at room temperature within only
several hours, by which the amount of intercalated Li was con-
tinuously tuned as shown in Fig. 1C (29, 45). The discharge curve
in Fig. 1C offers us useful information about the tuning of
electronic structure of MoS, during Li intercalation. The voltage
of Li,MoS, vs. Li*/Li is decreased monotonically from 2.1 to
1.2 V, during which Li intercalates into MoS, with the content x
increasing to around 0.28 (29, 46). The following lithiation
process undergoes a 2H to 1T MoS, first-order phase transition,
as a well-defined discharge plateau is observed between 1.2 and
1.1 Vin Fig. 1C (29, 45-47). The 2H and 1T MoS, have different
atomic and electronic structures illustrated in Fig. 1C. In 2H
MoS,, which is semiconducting, the Mo atom is coordinated by
six S atoms in a trigonal prismatic arrangement, whereas the Mo
atom in the 1T phase presents an octahedral S coordination
which results in the metallic property (29, 35, 42, 47, 48). Despite
the electronic structure change, because the Li between the
layers is expected to expand the layer spacing as indicated in Fig.
1C, the morphology of the as-grown MoS, nanofilm can also be
tuned by the lithiation process (29, 45).

Characterizations of MoS, nanofilms stopped at different lith-
iation voltages were performed after the surface contaminations
were removed by ethanol treatment. Different from the recent
study of completely exfoliated WS, monolayers in which Li was
not detected (42), electron energy loss spectroscopy (Fig. S1) and
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inductively coupled plasma mass spectroscopy (ICP-MS) (Materi-
als and Methods; Table S1) results suggest that only part of the
intercalated Li in our MoS, layers vertically aligned structure
reacts with ethanol. The tuning of MoS, layer spacing by Li
electrochemical intercalation is confirmed by the transmission
electron microscopy (TEM) images of MoS, discharged to dif-
ferent voltages in Fig. 2. Pristine MoS, nanofilm on MPGC with
molecular layers perpendicular to the substrate is shown in Fig.
24, followed by Fig. 2 B-E representing MoS, treated by lithiation
from the open circuit voltage around 2.1 to 1.8 (x = 0.02), 1.5
(x = 0.07),1.2 (x ~ 0.28),and 1.1 V (x =~ 0.85) vs. Li*/Li (Fig.
1C), respectively (these lithiation voltages are used for sampling
throughout the entire paper). The films are polycrystalline with in-
plane randomly oriented grains around 10 nm in size. As shown in
our previous study, the special texture of vertically aligned MoS,
maximally exposes the active edge sites on a 2D surface for HER
and reduces the impedance of the charge transfer from the sub-
strate to the surface sites, and at the same time fully opens van der
Waals gaps for Li to be intercalated (43, 44). The morphologies of
MoS; at potentials above ~1.5 V (x < 0.1) (TEM images in Fig. 2
A-C) have little change from Li intercalation. In comparison,
some of the layers are obviously expanded and partially exfoliated
at potentials below ~1.2 V (x > 0.28) (Fig. 2 D and E).

The layer spacing of MoS, nanofilms lithiated at different
voltages is determined by averaging the layer spacing of ran-
domly selected 15 grains in the TEM images (Fig. 2F). Pristine
MosS,; layer spacing is measured to be 6.45 A, consistent with the
previous study (49). The spacing of 1.8- and 1.5-V lithiation-
treated MoS; is increased very little to 6.50 and 6.54 A but still
within the range of the error bar, indicating also very little ex-
pansion of van der Waals gap. Samples of 1.2 and 1.1 V are
dramatically expanded to 7.25 and 7.21 A, respectively, with in-
creased layer spacing distribution. No other guest species ob-
served in these TEM images rules out any organic intercalation
(29, 50). Part of the intercalated Li reacts with ethanol and partially
exfoliates MoS; layers, which is also responsible for the large layer
spacing expansion (35, 42, 45, 51). Complete exfoliation happens
with observed single layers when MoS; is treated by a deeper
lithiation process (0.8 V) as illustrated in Fig. S24. Note that the
grains in 1.2- and 1.1-V lithiation-treated MoS, are expanded but
not yet completely exfoliated or damaged after the lithiation pro-
cess, and the morphology of vertically standing molecular layers is
still maintained to a certain degree. Scanning electron microscopy
(SEM) images of pristine and 1.1-V lithiation-treated MoS, shown
in Fig. S3 also suggest that the film after lithiation treatment still
maintains contact with the substrate except for partial detachment
originated from the pinholes of the pristine film.

The Li electrochemical intercalation into van der Waals gap has
at least three effects on the electronic structure of MoS,. First, the
layer spacing is increased after the lithiation and lithium—ethanol
reaction processes, which changes the van der Waals interaction
between adjacent layers and thus the electronic band structure
(45, 52). Second, due to its highly reductive nature, the interca-
lated Li remaining from reaction with ethanol donates electrons to
the MoS; slabs, which changes the d-band filling and oxidation
state of Mo in MoS, as described by the schematic in Fig. 1C (29,
47, 48, 53, 54). Third, when the content of intercalated Li exceeds
0.28, the 2H semiconducting to 1T metallic MoS, phase transition
happens. Both the oxidation state shift and phase transition of
MoS, are observed in x-ray photoelectron spectroscopy (XPS)
spectra in Fig. 34. All of the spectra were calibrated by a carbon 1s
peak located at 284.50 eV (55). Pristine MoS, shows a Mo 3ds),
peak at 229.1 eV, indicating a +4 oxidation state of Mo (31).
Before the 2H to 1T phase transition happens, Mo 3ds/, binding
energy is continuously shifted to 228.7 and 228.6 eV when MoS, is
discharged to 1.8 and 1.5 V vs. Li*/Li, respectively. The lower
binding energies confirm our assumption that the intercalated Li
donate electrons to MoS,, resulting in lower oxidation states of
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Fig. 2. TEM images of MoS; after Li intercalation. (A) TEM image of pristine MoS, with molecular layers perpendicular to the substrate. (B-E) TEM images of
MoS; by Li electrochemical intercalation to 1.8, 1.5, 1.2, and 1.1 V vs. Li*/Li, respectively. (F) Averaged layer spacing of pristine and lithiated MoS;. Error bars
represent the layer spacing variation of different grains measured in TEM images. Scale bar, 10 nm.

Mo (53, 54). Additional peaks start to appear when the 2H to 1T
MoS, phase transition occurs through 1.2 to 1.1 V vs. Li*/Li.
Deconvolution of the broad Mo 3ds;, and Mo 3ds/, peaks in both
spectra presents two independent Mo 3d regions, with a separa-
tion of binding energy around 0.8 eV (42, 51). The positions of
deconvoluted Mo 3ds, peaks in both spectra are located at 229.0
and 228.2 eV, representing the 2H and 1T MoS, oxidation states,
respectively. The composition of the 1T phase in MoS, nanofilm
discharged to 1.1 V vs. Li*/Li is increased compared with the one
in the 1.2-V sample, which is indicated by the decreased ratio of
2H to 1T Mo 3ds;, peak areas from 1.2 (1.53) to 1.1 V (0.86)
shown in Fig. 34 (42, 51). Mo 3ds/, peaks at 235.6 eV with +6
oxidation state are observed in 1.2- and 1.1-V lithiated MoS,,
suggesting the slight oxidation during the sample preparation. Fig.
S4 shows that the oxidation states of S are maintained at —2 and
not affected by Li intercalation when MoS; is discharged to 1.8
and 1.5 V. Additional peaks of S 2p region showing up at 1.2- and
1.1-V discharging voltage in Fig. S4 again confirm the 1T MoS,
phase formation.

Raman spectra in Fig. 3B offer us more information about the
morphology and phase transition of pristine and lithiated MoS,.
Fig. 3C illustrates the Eg, Eig, and A, vibration modes located
at 281, 377, and 403 cm™', respectively, in pristine MoS, on
MPGC with the calibration of Si peak at 520.0 cm™" (ref. 56).
The integrated intensity of Ay is nearly three times that of Elzg,
which suggests the texture of as-grown MoS, with molecular
layers vertically standing on the substrate that favors the vibra-
tion of A;, mode (43, 44). The 1.8- and 1.5-V lithiation-treated
MoS, have nearly the same spectra with the pristine one, showing
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no phase or structure changes. As the content of intercalated Li is
increased, more and more electrons are donated from Li to MoS,
slabs, which results in the 2H to 1T phase transition to lower the
Li,MoS, electronic energy (29, 48, 53). Four additional peaks,
located, respectively, at 197, 222, 335, and 349 cm™!, indicate the
2H to 1T MoS$; phase transition when MoS, was discharged to 1.2
and 1.1 V vs. Li*/Li (35, 47, 48, 51). The increased intensities of
the emerged peaks further confirm that 1.1-V discharged MoS,
has more 1T phase than that in the 1.2-V sample.

Electrochemical Testing. Correlating the tunable layer spacing and
electronic structure of MoS, by Li electrochemical intercalation
and the corresponding HER catalytic activities offers clear insight
(35, 42). The electrochemical testing of 2pristine and lithiated
MoS, with mass loading around 22 p g/cm~ on MPGC were per-
formed in 0.5 M H,SO; solution with a typical three-electrode
electrochemical cell setup (Materials and Methods). Before the
polarization curve was tested the sample was cycled several times
by taking continuous cyclic voltammograms (CVs) between —0.25
and 0.1 V vs. reversible hydrogen electrode (RHE) before iR
correction to remove contaminants on the surface. Electrochemical
impedance spectroscopy reveals negligible ohmic resistance of the
films (Fig. S5). All of the results have been iR-corrected by sub-
tracting the ohmic resistance loss from the overpotential. It turns
out that MoS, HER activity can be continuously tuned by Li
electrochemical intercalation to different voltages vs. Li*/Li, as
shown in Fig. 4 A and B. The pristine MoS, exhibits a Tafel slope
of 123 mV per decade and an exchange current density of 3.4 x
107> mA/cm?, showing comparably low HER catalytic activity (43).
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Fig. 3. Characterizations of pristine and lithiated MoS, nanofilms. (A) XPS
spectra of pristine and Li electrochemically intercalated MoS,. Mo 3d region is
shifted toward lower binding energy after Li intercalation to 1.8 and 1.5 V vs.
Li*/Li. Mo 3ds; and 3ds/, peaks are then split into two independent regions at
1.2 and 1.1V vs. Li*/Li, representing the 2H (green line) to 1T (orange line) MoS,
phase transition. (B) Raman spectra of pristine and Li electrochemically in-
tercalated MoS,. Four additional peaks located at 197, 222, 335, and 349 cm™
are observed in 1.2- and 1.1-V lithiated MoS,, confirming the 1T phase MoS,
formation. The broad peak left of the E}g peak is deconvoluted into two peaks.
(C) Atomic vibration direction of E;q, E}g, and A, Raman modes of MoS,.

c-axis

However, the Tafel slope is reduced to 84 and 60 mV per decade
after MoS, is discharged to 1.8 and 1.5 V vs. Li*/Li, respectively,

before the 2H to 1T phase transition. The HER catalytic activity is
then further improved by Li electrochemical intercalation to 1.2
and 1.1 V and saturated to a Tafel slope around 44 mV per decade,
which agrees well with the exfoliated MoS, nanosheets by n-butyl
Li solution (35). The 1.1-V lithiated MoS, has a slightly improved
HER activity than that of 1.2 V. Deeper Li discharge process, for
example 0.8 V vs. Li*/Li lithiation, may completely exfoliate MoS,
layers and destroy the bonds between the active material and the
substrate upon exposure to aqueous electrolyte which performs
degraded activity (Fig. S2B) (35, 45). Some previous studies sug-
gested the reduction of MoS, to Mo metal and Li,S when it was
discharged to low potentials, which is another possibility to explain
the activity degradation (45). Several identical samples at each
lithiation voltages were tested to ensure the reproducibility of the
results, as summarized in Table 1.

A high-surface-area 3D carbon fiber paper (CFP) was used to
improve the overall HER performance of Li electrochemically
intercalated MoS,. Atomic layer deposition (ALD) is an estab-
lished technique to deliver materials to high-aspect-ratio nano-
structures in a conformal and ultrathin fashion (57-59). We
conformally coated CFP with MoOs by ALD (Materials and
Methods) (60), which was then converted to MoS, by the same
rapid sulfurization process (the as-grown catalyst is donated as
ALD MoS,). The synthesis of ALD MoS, with molecular layers
perpendicular to the substrate was confirmed by the TEM image
and Raman spectrum shown in Fig. S6 4 and B. Benefitting from
the maximally exposed active edge sites, the thickness of MoS,
nanofilm can be lowered down to reduce the loading of the
catalyst while maintaining the high HER catalytic activity. Ten
nm MoQO; was deposited onto CFP and then converted to 10 nm
MoS, with a mass loading around 120 p g/cm?. The HER cata-
lytic activity of pristine ALD MoS, on CFP is shown in Fig. 44
with a Tafel slope of 98 mV per decade and exchange current
density of 100 x 10~ mA/cm? (Fig. S6C). The Tafel slope is
dramatically improved to 44 mV per decade after discharging to
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Fig. 4.

Electrochemical characterization of pristine and lithiated MoS, on MPGC and CFP. (A) Polarization curves of pristine and lithiated MoS, on MPGC,

with the catalytic activities improved by lower voltages Li intercalation. (B) Tafel slope of MoS, is continuously tuned by Li electrochemical intercalation to
different voltages. The slope reaches around 44 mV per decade at 1.1 V vs. Li*/Li. (C) HER activity of ALD MoS, on CFP is dramatically improved by Li in-
tercalation. The Tafel slope is enhanced from 98 mV per decade (pristine MoS,) to 44 mV per decade (lithiated MoS,). (D) Electrochemical stability test of
lithiated ALD MoS,. The catalytic activity shows no obvious degradation after the cycling. (Insets) SEM images of the catalyst before (Upper) and after (Lower)

1,000 cycles showing no obvious change. Scale bar, 2 p m.
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Table 1. Electrochemical analysis of pristine and lithiated MoS, on MPGC
Exchange current

Materials Tafel slope (mV per decade) density, 1073 mA/cm? n (MV) @ j = 0.1 mA/cm? j (mA/cm?) @ n = 200 mV
Pristine MoS, 115~123 1.71~3.40 -173 -0.15

1.8 V MoS, 75~86 0.80~1.62 -150 -0.40

1.5 V MoS, 56~73 0.56~0.93 -133 -1.21

1.2 V MoS, 46~51 0.10~0.38 -119 -4.96

1.1V MoS, 43~47 0.13~0.25 -113 —-6.74

Tafel slopes and exchange current densities were obtained by several identical samples, and the overpotentials and cathodic current densities were

obtained from Fig. 4A.

0.7 V vs. Li*/Li, achieving much higher HER catalytic activity as
shown in Fig. 4C and Fig. S6C (due to the different substrate and
precursor used in the synthesis, the 1.2- and 1.1-V discharged
ALD MoS, on CFP did not exhibit the best activity). Only 168-
and 216-mV overpotentials (n) are needed for lithiated ALD
MoS; to drive 10- and 100-mA/cm?® cathodic current density (j),
respectively. Electrochemical stability of the catalyst is of our
concern as the Li intercalation process could introduce structure
distortion and layer exfoliation, which can weaken the bond
between ALD MoS, film and CFP substrate. The stability of
lithiated ALD MoS, was tested by taking 1,000 continuous CV
cycles between —0.19 and 0.1 V vs. RHE to reach 10 mA/cm?
without iR correction. Fig. 4D shows that after 1,000 cycles the
catalyst maintains high HER activity with negligible degradation.
The SEM images of the catalyst before and after the cycling
indicate that the film is intact. After the cycling test, 8.6% of Li
was still maintained in the MoS, matrix (Table S1). In addition,
stable electrocatalytic currents around 10 and 20 mA/cm?* were
observed for at least 5 h when constant voltages at 175 and 190
mV were applied to the catalyst, respectively (Fig. S6D). The
MoS, molecular layers vertically standing on the substrate can
create strong bonds to the surface, which is assumed to explain
the good stability even after Li intercalation (44). In addition, the
good stability demonstrates that 1T phase MoS, is maintained
during the hydrogen evolution process (35, 42, 51).

Discussion

It is always important to construct the electronic structure—catalytic
activity relationship in electrocatalysis (20, 37-41). As the H binding
energy and activation barrier on the active edge sites are strongly
related to the electronic structure of MoS, (20, 37), it is effective to
continuously tune and improve the HER catalytic activity by con-
tinuously tuning the electronic structure, especially the oxidation
state of Mo and 2H to 1T phase transition, through Li electro-
chemical intercalation. We find that even before the 2H to 1T phase
transition occurs, HER activities are already improved along with
the lowered oxidation states of Mo. The lowered oxidation states of
Mo might have influence on the electron filling of bonding and
antibonding between the active sites and H, which significantly
changes the H bonding energy and activation barrier and thus
improves the HER activity. Different from the recent studies in
which MoS, and WS, are totally exfoliated to be monolayered
nanosheets (35, 42), the morphology of MoS, in this study is not
destroyed by Li intercalation and Li reaction with ethanol or water.
Thus, we suspect that there is still Li trapped between the layers to
anchor the oxidation state of Mo during the electrochemical test in
which some of the intercalated Li could react with water to produce
Li(OH) and H; (35, 42, 45, 51). Suggested by the improved HER
activity of 1.1-V lithiated MoS, from 1.2 V, we also conclude that
1T MoS; shows superior HER activity to the 2H phase, which
agrees with some recent results (35, 42). The XPS spectrum of 1.1-
V lithiated MoS; before and after electrochemical cycling in Fig. S7
shows no obvious change in the 1T to 2H phase ratio, indicating
that the electronic structure is maintained during hydrogen gen-
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eration process (35, 42, 51). MoS, electronic structure changed by
expanding the layers through Li intercalation and partial exfoliation,
as shown in Fig. 2, could also be a possible explanation for the
tunable HER activity (52, 54). In addition, Li intercalation improves
the conductivity of MoS,, which is also important to the improved
HER activity of lithiated MoS,.

In conclusion, we synthesized MoS, nanofilm with molecular
layers perpendicular to the substrates. By Li electrochemical
intercalation to different voltages vs. Li*/Li, the layer spacing
and electronic structure of MoS, was continuously tuned, thus
tuning the HER catalytic activity effectively.

Materials and Methods

Material Synthesis and Li Intercalation. Molybdenum oxide layers were de-
posited by ALD on CFP (Fuel Cell Store) in a customized ALD-ozone system.
Molybdenum hexacarbonyl (99.9%, Sigma-Aldrich) was used as the molybdenum
precursor. Ozone was generated from a mixture of oxygen (99.99%) and ni-
trogen (99.998%, with mixing concentration of 50 ppm) in an ozone generator
(MKS, AX8407-C2). The feeding oxygen flow rate was kept at ~500 standard
cubic centimeters per minute (sccm), providing an ozone concentration of 21.7
wt %. The ozone flow into the chamber was controlled by a mass flow controller
at 200 sccm. The substrate temperature was kept at 165 °C, the molybdenum
precursor at 60 °C, and ozone feed line at 120 °C. An exposure mode was
adopted for deposition on carbon papers. The molybdenum precursor were
exposed for 0.5 s and soaked in the chamber for another 1 s via a stop valve
before argon (99.999%) purging. The growth rates and thickness of the films
were calibrated by 10 cm x 10 mm witness silicon pieces (P-type test wafer 0-
100 Q-cm 500 pum single-sided polished, University Wafer). For ALD on CFP,
weight changes were also tracked as a function of ALD cycle numbers to provide
complementary information about the growth rate. From the witness wafer
piece, the coated CFP in this article was expected to have an average film
thickness of 100 + 5. A The surface area of CFP was calculated to be 29 cm%cm?.
To verify conformal coating, Auger element mapping was conducted on the
molybdenum-oxide-coated CFP shown in Fig. S8. By comparing the SEM images
before and after ALD as shown by Fig. S8 A and B, there were no drastic mor-
phology changes during the deposition process. The element mapping shown in
Fig. S8 C-E confirmed that Mo and O are uniformly distributed.
Edge-terminated MoS, nanofilms on MPGC (HTW Hochtemperatur Werk-
stoffe Gmbh) and CFP were grown inside a single-zone, 12-inch horizontal tube
furnace (Lindberg/Blue M) equipped with a 1-inch-diameter quartz tube. The
substrates coated with Mo or MoO3 thin films were placed at the hot center of
the tube furnace. Sulfur powder (99.99%, Sigma Aldrich) was placed on the
upstream side of the furnace at carefully adjusted locations to set the temper-
ature. Ar gas was used as the precursor carrier and the pressure and flow rate
were kept at 1,000 mtorr and 100 sccm, respectively, during the growth. The
heating center of the furnace was quickly raised to reaction temperature of 600
°C in 20 min, and the sulfur precursor was kept at around 200 °C. The furnace
was held at reaction temperature for 10 min, followed by natural cool-down.
The as-grown MoS, was then made into a battery configuration acting as
the cathode, combined with Li metal as anode and 1.0 M LiPFg in 1:1 wt/wt
ethylene carbonate/diethyl carbonate (EMD Chemicals) as electrolyte. The
galvanostatic discharge currents for MoS, samples were set at 200 mA/g.
After the discharge process, samples were cleaned by ethanol to remove the
electrolyte on the surface. ICP-MS samples were prepared in 5% HNO3 so-
lution by taking continuous CV cycles between 0 and 1.2 V vs. a saturated
calomel electrode (SCE) to oxidize and dissolve Li and Mo into the solution.

Characterizations. Characterizations were carried out using TEM (FEI Tecnai
G2 F20 X-Twin microscope at 200 keV), Raman spectroscopy (531-nm
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excitation laser, cutoff around 175 cm™', WITEC Raman spectrometer), XPS
[SSI SProbe XPS spectrometer with Al(K,) source], SEM (FEI Nova NanoSEM
450), and Auger electron spectroscopy (PHI 700 Scanning Auger Nanoprobe).

Electrochemical Measurements. MoS, nanofilms on MPGC and CFP were
tested in 0.5 M H,SO,4 solution (deaerated by N») using a typical three-
electrode electrochemical cell setup, with an SCE [E(RHE) = E(SCE) + 0.280 V
after calibration] as the reference electrode and a graphite rod (99.999%,
Sigma-Aldrich) as the counter electrode. Electrochemically inert wax (Apiezon
wax W-W100) and kapton tape were used to define the 1-cm? electrode area.
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Linear sweep voltammetry (scan rate 2 mV/s), CV (scan rate 100 mV/s), and ac
impedance spectroscopy (at zero overpotential) were recorded by a Biologic
VSP potentiostat.
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