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T
he advent of graphene has intrigued

intensive studies in layer-structured

two-dimensional (2D) materials, includ-

ing transition-metal dichalcogenides, due to

their unique physical and chemical proper-

ties.1Asa typical 2Dmaterialwith richphysical

and chemical properties and broad applica-

tions,molybdenumdisulfide (MoS2) has raised

great attention recently. The strong Mo�S

covalent bonding within the single molecular

layers and theweak van derWaals interaction

between themgive rise to a strong anisotropy

(Figure 1a). On the basis of this material pro-

perty, a variety of MoS2 morphologies, such

as single layers,2�5 single-wall nanotubes,6

fullerene-like nanoparticles (NPs),7 and layers

of vertically aligned nanofilms,8 were syn-

thesized with different methods. In addition,

the van der Waals gaps between the MoS2

layers allow the guest species to be interca-

lated, thereby effectively tuning the MoS2

electronic structures.9�11 With these unique

material properties and structures, MoS2 has

been used for transistors, lubricants, Li-ion

batteries, and catalysis.2,7,12�14

Among the broad range of applications of

MoS2, it has been extensively explored as a

hydrogen evolution reaction (HER) catalyst

recently.15�17 Since the theoretical and ex-

perimental demonstrations identified the

active edge sites of MoS2 for HER,15,16,18

scientists made efforts to largely expose

the edge sites for enhanced activity by

reducing the dimension of MoS2 structures

to the nanoscale.17,19�21 In addition, the

structures with rich HER active sites, such

as amorphous films,22,23 defective nano-

sheets,24 and porous films,25 showed high-

performance HER activity per geometric

area. MoS2 on three-dimensional (3D) sub-

strates with high surface area were also

employed to improve the overall cathodic

current.26,27 Besides the morphology engi-

neering of MoS2, the electronic structure

should be further optimized. Latest stud-

ies have demonstrated that chemically

exfoliated 1T phase MoS2 and WS2 single-

layer nanosheets are much more active in

HER than their 2H phase counterparts,28,29

and the electrochemical tuning of MoS2
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ABSTRACT Molybdenum disulfide (MoS2) with the two-dimensional layered structure has

been widely studied as an advanced catalyst for hydrogen evolution reaction (HER).

Intercalating guest species into the van der Waals gaps of MoS2 has been demonstrated as

an effective approach to tune the electronic structure and consequently improve the HER

catalytic activity. In this work, by constructing nanostructured MoS2 particles with largely

exposed edge sites on the three-dimensional substrate and subsequently conducting Li

electrochemical intercalation and exfoliation processes, an ultrahigh HER performance with 200

mA/cm2 cathodic current density at only 200 mV overpotential is achieved. We propose that

both the high surface area nanostructure and the 2H semiconducting to 1T metallic phase

transition of MoS2 are responsible for the outstanding catalytic activity. Electrochemical stability test further confirms the long-term operation of the catalyst.
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electronic structures showed both the strong elec-

tronic structure�catalytic activity correlation and the

ability to optimize the HER activity.11 Therefore, it is

interesting and promising to apply electrochemical

tuning and exfoliation to the high surface area, nanos-

tructured MoS2 on a 3D substrate for a highly active

HER catalyst.

In our previous studies, we developed a flexible and

rapid sulfurization/selenization process to convert Mo

or MoO3 thin films into edge-terminated MoS2/MoSe2

nanofilms.8,11,30MoandMoO3 thin filmswere obtained

by DC magnetron sputtering and atomic layer deposi-

tion, respectively, which might limit the potential

applications due to the involved high-vacuum systems

and toxic precursors. In addition, the thin film mor-

phology of Mo and MoO3 was maintained after being

converted to MoS2, which did not increase the surface

area by much. A facile, scalable, nontoxic, and low-cost

method to synthesize Mo or MoO3 nanosized struc-

tures over a three-dimensional large-area conducting

surface is needed.

Here, we report a facile pyrolysis synthesis of MoO3

NPswith sizes∼30 nmon commercialized carbon fiber

paper (CFP). MoS2 NPs with exposed edge sites were

then obtained by the rapid sulfurization process. The

HER activity of as-grown 2H MoS2 catalyst was largely

improved by Li electrochemical tuning with layer

exfoliation and 1T phase formation. The enhanced

catalyst obtained 200mA/cm2 cathodic current at only

200 mV overpotential. Both long time cycling and con-

tinuous operation at constant voltagewere performed to

demonstrate the long-term stability of the catalyst.

RESULTS AND DISCUSSION

MoO3 NPs were synthesized on a CFP substrate, as

illustrated schematically in Figure 1b. CFP consists of

conductive carbon fibers with∼10 μm in diameter and

several millimeters in length.30 The carbon microfibers

connect and fuse together to form a 3D conducting

matrix, with ∼13 time surface area per geometric area

(see Methods).11 The 3D substrate can load more

catalysts than the flat ones, thus helping to improve

the catalytic performance per geometric area.26 CFP

was first treated by O2 plasma to make it hydrophilic

and then dipped into the 25 wt % ammonium hepta-

molybdate ((NH4)6Mo7O24 3 4H2O) solution and dried

on a hot plate with the salt uniformly distributed on

the substrate (see Methods). The substrate was then

heated up to 600 �C under Ar atmosphere in a tube

furnace, where the ammonium heptamolybdate de-

composed to produceMoO3 (seeMethods).31 The sizes

of the as-grown MoO3 particles are around several

hundred nanometers (we denote these as L-MoO3)

as shown in the scanning electron microscopy (SEM)

image and the particle size distribution in Figure 2a

and Supporting Information Figure S1a. The selected

areas in the red boxes in Figure 2 are used for the

statistical analysis of the particle size distributions,

which is summarized in Figure S1. To shrink the size

of theMoO3 particle, 4 wt%polyvinylpyrrolidone (PVP)

was added into the solution. Accordingly, uniformly

distributed MoO3 nanoparticles with ∼30 nm in dia-

meters (we denote these as S-MoO3) on carbon fibers

were synthesized (Figures 2b and S1b). It is proposed in

Figure 1b that PVP can help to disperse the salt on the

Figure 1. Schematic ofmaterial structure and synthesis. (a) Layered crystal structure ofMoS2. (b) Schematic of the synthesis of
large and small MoO3 NPs on CFP. The CFP was first dipped into the ammonium molybdate solution with or without PVP
additive. During the pyrolysis at 600 �C, the surface of the nucleated NPs may be coated by PVP molecules, which prevent
those particles from further aggregation. Without the addition of PVP, the small particles tend to aggregate during the
process and form large particles in the end. (c) Schematic of the rapid sulfurization setup in a horizontal tube furnace.
(d) Schematic of the pouch battery cell configuration for Li electrochemical intercalation into MoS2.

A
R
T
IC
L
E



WANG ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

C

carbon fibers and was coated on the surface of the

nucleated NPs during the pyrolysis process to prevent

them from further aggregation.

The as-grown S-MoO3 NPs were then put into a tube

furnace for rapid sulfurization and converted into

S-MoS2 NPs, as illustrated in Figure 1c (see Methods).8,30

The sulfur source we use is elemental sulfur instead of

hydrogen sulfide.19Themorphologies of theNPs are not

significantly changed, as shown in Figures 2c and S1c.

To conduct lithium (Li) electrochemical intercalation, we

used the as-synthesized S-MoS2 NPs as the cathode and

twopieces of Limetal as the anodes to construct a pouch

battery cell (see Methods). The galvanostatic discharge

curve in Figure S2 offers rich information about theMoS2
2H to 1T phase transition as a well-defined discharge

plateau is observed. The 2H phase is semiconducting,

whereas the1T ismetallic.10 Thephase transition capacity

also gives us a rough idea about the mass loading of

MoS2 on CFP (Supporting Information). The electroche-

mical tuning voltage was chosen to be 0.7 V vs Liþ/Li,

where the 2H to 1T transition is complete but conversion

reaction is not initiated yet.32After the Li intercalation, the

electrode was washed by ethanol in which the inter-

calated Li in MoS2 reacted with ethanol and partially

exfoliated MoS2.
11 The lithiation-treated S-MoS2 is de-

noted as Li-MoS2. The SEM image in Figure 2d shows that

the S-MoS2 NP structure was completely destroyed by

the lithiation and exfoliation processes.28

X-ray photoelectron spectroscopy (XPS) was em-

ployed to characterize the samples at each synthesis

stage in Figure 3a. All of the spectra were calibrated by

C 1s peak located at 284.50 eV.11 The Mo 3d5/2 and 3d3/2

peaks of S-MoO3 were located at 232.4 and 235.4 eV,

respectively, indicating aþ6 oxidation state of Mo.33 The

binding energies of Mo shifted toward lower positions at

229.3 and 232.4 eV, respectively, after the sulfurization

process, which suggests the formation ofMoS2.
11,19 The S

2p1/2 and 2p3/2 peaks are also shown in Figure S3. The

electronic structure change, which is the MoS2 2H to 1T

phase transition, following the Li intercalation and ex-

foliation processes, is reflected in the change of the Mo

3d region.11 The formation of 1T MoS2 shifts and broad-

ens the Mo 3d peaks, suggesting that the new peaks

emerge at lower binding energies. To extract more

information about the phase transition process from

the XPS spectrum, we fit the Mo 3d region by a rigorous

procedure (fix the binding energy difference between

the Mo 3d3/2 and the Mo 3d5/2 states at∼3.10 eV).
34 The

2H and 1TMoS2 peaks were obtained after the deconvo-

lution of the Mo 3d peaks in Figure 3a, with a separation

of binding energy at∼0.9 eV.11,29,35,36 The peak positions

of 2H and 1T Mo 3d5/2 are 229.3 and 228.4 eV, respec-

tively. The ratio ofMoS2 2H to 1T phase is estimated to be

0.82 by integrated intensities of the Mo 3d5/2 peak.11

Additional Mo 3d5/2 and 3d3/2 peaks were observed at

232.5 and 235.5 eV, respectively, indicating the surface

oxidation during the sample preparation.

The compositions and phases of the as-grown sam-

ples were further confirmed by Raman spectroscopy in

Figure 3b. The distinguished peaks in the S-MoO3

Raman spectrum agree well with previous studies.37,38

The S-MoS2 Raman spectrum provides insight into the

MoS2 layer orientations. As shown in the inset, the peaks

at 379 and 403 cm�1 represent the E2g
1 and A1gmodes,

Figure 2. SEM images of the as-grownmaterials. (a) SEM image of L-MoO3 NPs on CFP. (b) SEM image of S-MoO3 NPs on CFP.
The size of the NPs is obviously reduced from L-MoO3. (c) SEM image of S-MoS2NPs on CFP. Themorphology of S-MoS2 is not
changed fromS-MoO3 after the rapid sulfurizationprocess. (d) SEM imageof Li-MoS2 onCFP. The structure of S-MoS2 is totally
destroyed after the lithiation and exfoliation processes. The red boxes in (a�c) represent the selected areas for the statistical
analysis of the particle size distributions.
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respectively. The peak intensity corresponding to differ-

ent vibrationmodesdependson the layerorientations.8,30

The A1gmode is preferentially excited in the spectrum as

compared with the E2g
1 mode, indicating the NPs are

terminated by edges on the surface.8,11 The presence of

1T phase MoS2 in Li-MoS2 is confirmed by the additional

Raman peaks emerging at 195, 221, 306, 337, and

349 cm�1, respectively.11,28,35,39 The integrated intensity

ratio of E2g
1 to A1g is obviously increased from S-MoS2,

which suggests that the Li intercalation and exfoliation

processes change themorphology and orientation of the

MoS2NPs.
28Additional bulk information of the as-synthe-

sized sampleswasdetectedbyX-ray diffraction (XRD) and

is summarized in Figure S4.

The catalytic activities of L-MoS2, S-MoS2, and Li-MoS2
samples were examined in a standard three-electrode

electrochemical cell setup with 0.5 M H2SO4 solution

(see Methods). Cyclic voltammograms (CVs) were taken

several cycles to bubble away the surface contaminates

and at the same time stabilize the catalysts. Electroche-

mical impedance spectroscopy performed at �0.12 V

versus reversible hydrogen electrode (RHE) in Figure S5

shows very small series resistances of the as-grown

catalysts and the testing system. The polarization curves

and Tafel plots after iR correction in Figure 4a,b were

obtained at a voltage sweeping rate of 5 mV/s. The

L-MoS2 NPs give out the lowest HER catalytic activity,

with a Tafel slope of 101 mV/decade and an exchange

current density of 0.063 mA/cm2. The HER activity was

largely improved in terms of both Tafel slope and onset

potential when the size of the particles was shrunken.

S-MoS2 exhibits a lower Tafel slope of 66 mV/decade,

with roughly the same exchange current density of

0.050 mA/cm2. The small dimension of the NPs has

several positive effects on the HER catalytic activity. First

of all, the smaller NP guarantees better electrical con-

ductivity from the substrate to the surface sites. Second,

the smaller NP bonds with the substrate on a relatively

larger surface area fraction, which may result in a

stronger bonding with the substrate than that of the

larger NP and favors the long-term cycling stability of

the catalyst. Third, the small NP results in a large surface

curvature which may help to expose more HER active

sites and enhance the activity of the catalytic center.30

The1TMoS2hasbeendemonstrated tobemore active

than 2H MoS2 due to the much higher conductivity and

additional catalytically active sites on the terrace.29,36

The HER activity of S-MoS2 NPs was further boosted by

Li electrochemical tuning of the MoS2 electronic struc-

ture.11,28 As shown in Figure 4a, the Li-MoS2 reaches

200 mA/cm2 cathodic current density at only 200 mV

overpotential, where the L-MoS2 and S-MoS2 catalysts

only arrive at 6 and 57mA/cm2, respectively. This result is

also better than some recently published works listed

in Table S1. The largely enhanced catalytic activity is

mainly due to the improved exchange current density of

0.167mA/cm2, more than 3 times that of S-MoS2. Li-MoS2

exhibits a 62 mV/decade Tafel slope comparable to

S-MoS2. The resulting Tafel slope is different from the

1TMoS2nanofilmonCFP (44mV/decade) in our previous

study, likely due to the different morphologies.8,30 It

should be noted that in Figure 4b the Tafel plots of

L-MoS2, S-MoS2, and Pt wire bend at large cathodic

current regions due to severe bubble adhesion on the

surface of the electrode, which will block the contact

between the catalyst and the electrolyte and decrease

theHERefficiency.40 In Figure 4a, thepolarization curveof

S-MoS2 oscillates when reaching high cathodic current,

again indicating that the bubble releasing at high current

may affect the HER catalytic activity. However, Li-MoS2

shows a smoothpolarization curve in Figure 4a anda long

linear region without observable bending in Figure 4b,

indicating a possible facilitated bubble releasing process

compared to both L-MoS2 and S-MoS2. This advantage

Figure 3. Characterizations of as-synthesized materials. (a)
XPS spectra of S-MoO3, S-MoS2, and Li-MoS2 samples. The
broad Mo regions in the Li-MoS2 spectrum are deconvo-
luted into red and green peaks, corresponding to 2H MoS2
and 1T MoS2, respectively. The black peaks in Li-MoS2
represent the Mo6þ species, possibly from the surface
oxidation during the sample preparation. (b) Raman spectra
of S-MoO3, S-MoS2, and Li-MoS2 samples. New peaks
located at 195, 221, 306, 337, and 349 cm�1 are observed
in Li-MoS2 compared with S-MoS2, confirming the 1T phase
MoS2 formation. The inset represents the atomic vibration
direction of E2g

1 and A1g Raman modes of MoS2.
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helps Li-MoS2 to enlarge the performance enhancement

over the other two catalysts at high current regions.

In addition, to dig out more information about the

1T-MoS2 catalytic activity, we synthesized lithiation-

treated MoS2 with different 2H to 1T MoS2 ratio and

compared it with the HER activity of Li-MoS2. The lithia-

tionvoltagewas set at 1.1V vsLiþ/Li (higher than the0.7V

lithiation voltage of Li-MoS2), thus we denote the sample

as 1.1-VMoS2. On the basis of the XPS spectrum shown in

Figure S6, we successfully obtained the 2H to 1T phase

ratio of 2.67 in 1.1-V MoS2, with less percentage of 1T

phase than Li-MoS2 (2H to 1T ratio is 0.82). The HER

performance of 1.1-V MoS2 is improved from S-MoS2 but

inferior to Li-MoS2 in Figure S7, demonstrating that the 1T

phase of MoS2 is more active than its 2H counterpart.

Stability has always been an essential aspect in

catalyst evaluation since material durability has to be

considered for long-term utilization. The stability study

on the most active Li-MoS2 catalyst was carried out by

taking continuous CV cycles and potentiostatic elec-

trolysis. In Figure 4c, the CVs were taken at a scan rate

of 100 mV/s between�0.35 and 0.1 V vs RHE before iR

correction to reach a high cathodic current of ∼100

mA/cm2 for 7000 cycles. The polarization curves were

obtained after 1000 cycles at 5 mV/s with iR correction.

The HER activity shows a negligible decay after the

first 1000 cycles but remains unchanged until 7000

cycles. In addition, when operating HER at a constant

overpotential of �118 mV vs RHE after iR correction, a

stable corresponding current density of∼10mA 3 cm
�2

was observed on this Li-MoS2 electrodewith negligible

degradations after 2 h testing, revealing its excellent

stability under HER conditions. Li-MoS2 exhibits excel-

lent electrochemical stability even after the Li inter-

calation and exfoliation processes, suggesting that the

MoS2 NPs bind strongly on the CFP substrate through

the high-temperature sulfurization.30

TheHER catalytic activities of L-MoS2, S-MoS2, and Li-

MoS2 are associated with their different morphologies

and electronic properties. The size of the synthesized

MoS2NPsmay result in different effective surface areas,

which play very important roles in the overall HER

performance.23,26,28 To estimate the effective surface

areas, we employed the CV method to measure the

electrochemical double-layer capacitances (EDLCs),

Cdl, as shown in Figure 5.23,28,41 The potential range

where no faradic current was observed was selected

for the catalysts. Slow voltage scan rates were chosen

for accurate measurements of the large surface area

electrodes. The halves of the positive and negative

current density differences at the center of the scan-

ning potential ranges are plotted versus the voltage

scan rates in Figure 5d, in which the slopes are the

EDLCs. The electrochemical effective surface area is

increased by 3 times when the MoS2 particle size is

reduced from around several hundred to tens of

Figure 4. Electrochemical characterizations of as-grown catalysts on CFP. (a) Polarization curves of L-MoS2, S-MoS2, Li-MoS2,
and Pt wire at a scan rate of 5 mV/s. S-MoS2 shows a much higher HER activity than does L-MoS2, due to the reduced size of
NPs. The performance of Li-MoS2 is further enhanced after the Li electrochemical tuning and exfoliation processes, achieving 200
mA/cm2 cathodic current at only�200mVoverpotential. (b) Tafel plots of L-MoS2, S-MoS2, Li-MoS2, andPtwire. Li-MoS2 shows the
largest linear region. (c) Polarization curvesof Li-MoS2 catalyst at a scan rateof 5mV/s after CVcycles for stability test. TheCVswere
takenatascanrateof100mV/sbetween�0.35and0.1VvsRHEbefore iRcorrection to reachahighcathodiccurrentof∼100mA/cm2

for 7000 cycles. The HER activity of Li-MoS2 shows a negligible decay after the first 1000 cycles but remains unchanged until
7000 cycles. (d) Potentiostatic electrolysis of Li-MoS2 for 2 h. The potential we applied is�118 mV vs RHE after iR correction. The
cathodic current remains stable during the operation, indicating that the catalyst is stable under HER conditions.
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nanometers. This result is consistent with our rough

estimation, as illustrated in Supporting Information.

The EDLC is further improved by nearly 10 times when

S-MoS2 NPs are lithiated and exfoliated to Li-MoS2. The

lithiation and exfoliation processes open up the van der

Waals gaps of MoS2 and expose more effective sites on

the terrace surface. The Li intercalation process induces

phase transition into 1T MoS2, in which the strained

terrace sites have been shown to be active for HER.29,36

The Li electrochemical tuning of MoS2 electronic struc-

tures not only helps to enhance the conductivity of the

catalyst but also creates HER active sites on the terrace

surface other than the edge sites,whichboosts theoverall

HER activity of the catalyst. In addition, the relationship

between the enhanced conductivities and the corre-

sponding Tafel slopes of the catalysts can be revealed

by electrochemical impedance spectroscopy,42 which is

of interest and importance for future studies.

To further understand the intrinsic catalytic property

of the as-synthesized Li-MoS2 catalyst, we studied the

turnover frequency (TOF) of the catalyst which de-

scribes the average activity of each HER active site.8,16

On the basis of our previous study of MoS2 nanofilm on

flat glassy carbon,8 it is straightforward to obtain the

TOF of Li-MoS2 assuming that the EDLC scales with the

density of the effective sites.23 The EDLC of MoS2 nano-

film shown in Figure S8 is 29 μF/cm2, consistent with the

previous studies of flat electrodes.23,43,44Detailed calcula-

tions under Figure S8 illustrates that the TOF of Li-MoS2 is

∼0.1 H2/s per site at 200mV overpotential (200mA/cm2),

comparable with previous studies.22,23

CONCLUSION

In conclusion, we have successfully synthesized nano-

structured MoS2 particles with preferentially exposed

edge sites on the 3D CFP substrate by the facile pyrolysis

and sulfurization methods. By Li electrochemical inter-

calation and layer exfoliation, we are able to tune the

electronic structures of MoS2 from 2H to 1T phase,

exposing more HER active sites and thus boosting the

catalytic activity. High HER activity and electrochemical

stability of Li-MoS2 catalyst havebeendemonstrated. This

work provides a cost-effective and efficacious protocol to

fabricate 3Dmaterials with tunable electronic properties,

which is not only appropriate in electrochemical catalysis

but also applicable for other electronic devices.

METHODS

Material Synthesis and Preparation. CFP (from Fuel Cell Store,
2050-A) used in our study is ∼200 μm thick. To quantify the
specific area, CFP is activated by oxygen plasma and then
conformally coated with a 50 nm thick Al2O3 layer by atomic

layer deposition (Cambridge NanoTech Savannah 100 atomic

layer deposition system). The coating is about 0.26 mg/cm2

determined by using a microbalance (Sartarious SE2, 0.1 μg

resolution). It suggests that the roughness factor of the carbon

fiber paper is ∼13.

Figure 5. Electrochemical double-layer capacitancemeasurements. (a�c) Electrochemical cyclic voltammogram of as-grown
catalysts at different potential scanning rates. The scan rates are 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mV/s. The selected potential
range where no faradic current was observed is 0.31 to 0.41 V vs RHE. (d) Linear fitting of the capacitive currents of the
catalysts vs scan rates. The calculated double-layer capacitances are 10, 36, and 345 mF for L-MoS2, S-MoS2, and Li-MoS2,
respectively.
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CFP was first activated by O2 plasma for 5 min before being
dipped into the solution. The surface of the CFP is hydrophobic,
which prevents the substrate from being completely wetted
by the solution. The O2 plasma helps to create hydrophilic
functional groups on the surface of the carbon fiber, which
helps the substrate absorb the solution and form a uniform
solution layer on the 3D surface. CFP dipped with ammonium
heptamolybdate (Fisher Scientific) and polyvinylpyrrolidone
(Sigma-Aldrich, wt 360 000) was then put into a single-zone,
12 in. horizontal tube furnace (Lindberg/Blue M) equipped with
a 1 in. diameter quartz tube. CFP coatedwith the salt was placed
at the hot center of the tube furnace. The pressure and flow rate
of the Ar gas were kept at 1000 mTorr and 100 sccm, respec-
tively, during the thermal decomposition process. The heating
center of the furnacewas increased to a reaction temperature of
600 �C in 30min, and then held at that reaction temperature for
90 min, followed by natural cool down.

The as-grown MoO3 on CFP was then put into another
quartz tube for rapid sulfurization process. Sulfur powder
(99.99%, from Sigma Aldrich) was placed on the upstream side
of the furnace at carefully adjusted locations to set the tem-
perature. Ar gas was used as the precursor carrier, and the
pressure and flow rate were kept at 1000 mTorr and 100 sccm,
respectively, during the growth. The heating center of the
furnace was increased to a reaction temperature of 600 �C in
20 min, and the sulfur precursor was kept at around 200 �C. The
furnace was held at that reaction temperature for 10 min,
followed by natural cool down. The mass loading of the as-
grown MoS2 on CFP is about 3.4 to 3.9 mg/cm2 determined by
the microbalance.

The as-grown MoS2 on CFP was then made into a battery
configuration acting as the cathode, combined with Li metal on
each side of CFP as the anode and 1.0 M LiPF6 in 1:1 w/w
ethylene carbonate/diethyl carbonate (EMD Chemicals) as the
electrolyte. The galvanostatic discharge currents for MoS2
samples were set at 125 μA/cm2. After the discharge process,
samples were cleaned by ethanol to remove the electrolyte on
the surface.

Characterizations. Characterizations were carried out using
scanning electron microscopy (SEM, FEI Nova NanoSEM 450),
X-ray photoelectron spectroscopy (XPS, SSI SProbe XPS spectro-
meter with Al KR source), Raman spectroscopy (531nm excita-
tion laser, cutoff around 175 cm�1, WITEC Raman spectrometer),
and X-ray diffraction (PANalytical X'Pert diffractometer with
Cu KR radiation).

Electrochemical Studies. The as-grown catalysts on CFP were
tested in 0.5 M H2SO4 solution (deaerated by N2) using a typical
three-electrode electrochemical cell setup, with a saturated
calomel electrode (E(RHE) = E(SCE) þ 0.280 V after calibration)
as the reference electrode and a graphite rod (99.999%, from
Sigma Aldrich) as the counter electrode. Electrochemically inert
kapton tape was used to define the 1 cm2 electrode area. Linear
sweep voltammetry, CVs, and AC impedance spectroscopy are
recorded by a Biologic VSP potentiostat.
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