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ABSTRACT Metal sulfide-based nanostructured materials have

emerged as promising catalysts for hydrogen evolution reaction (HER),
and significant progress has been achieved in enhancing their activity
and durability for the HER. The understanding of nanoscale size-
dependent catalytic activities can suggest critical information regard-
ing catalytic reactivity, providing the scientific basis for the design of
advanced catalysts. However, nanoscale size effects in metal sulfide-

based HER catalysts have not yet been established fully, due to the
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synthetic difficulty in precisely size-controlled metal sulfide nanopar-

ticles. Here we report the preparation of molybdenum sulfide (MoS,)

nanoparticles with monolayer precision from one to four layers with the nearly constant basal plane size of 5 nm, and their size-dependent catalytic activity in

the HER. Using density functional theory (DFT) calculations, we identified the most favorable single-, double-, and triple-layer MoS, model structures for the

HER, and calculated elementary step energetics of the HER over these three model structures. Combining HER activity measurements and the DFT calculation

results, we establish that the turnover frequency of MoS, nanoparticles in the HER increases in a quasi-linear manner with decreased layer numbers. Cobalt-

promoted MoS, nanoparticles also exhibited similar HER activity trend. We attribute the higher HER activity of smaller metal sulfide nanoparticles to the higher

degree of oxidation, higher Mo—S coordination number, formation of the 1T phase, and lower activation energy required to overcome transition state. This

insight into the nanoscale size-dependent HER activity trend will facilitate the design of advanced HER catalysts as well as other hydrotreating catalysts.
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etal sulfide nanostructures repre-

senta novel class of 2-dimensional

(2D) materials, and constitute a
topic of tremendous current interest.' >
Burgeoning research regarding metal sulfide
nanostructures primarily stems from their
intriguing physicochemical properties such
as tunable electronic and optical character-
istics as well as their broad applicability as
transistors, topological insulators, batteries,
and catalysts.' > Notably, metal sulfide nano-
structures have received rejuvenated atten-
tion as catalysts, particularly in the hydrogen
evolution reaction (HER), which serves as a
key reaction in renewable energy technolo-
gies.*¢~ 10 |nterest in metal sulfide-based HER
catalysts has been inspired by theoretical
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calculations that predicted promising HER
activity with MoS, nanostructures,'"'? as well
as experimental demonstrations based on
the nanocrystallite® and molecular' model
catalysts. In addition, the low cost and abun-
dance of transition metal-based sulfides have
prompted their potential use as replacements
of state-of-the-art Pt-based HER catalysts.
Recent efforts involving metal sulfide-based
catalysts have primarily focused on enhanced
HER activity and durability in an effort to
narrow the performance gap between them
and Pt-based catalysts. Strategies include the
hybridization of metal sulfides with conduct-
ing carbon nanostructures,’*~2° use of amor-
phous phase metal sulfides,>?' =2 addition of
secondary metal, 3 engineering of active
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Figure 1. Synthesis and TEM characterization of MoS,@OMC. (a) Synthetic scheme for MoS,@OMC preparation. The inner
pores of mesoporous silica template (SBA-15) were partially filled with carbon, followed by the growth of the MoS,
nanoparticles in the residual pore space, and removal of SBA-15 template to produce the MoS,@OMC nanostructure. SBA-15, sky
blue; carbon, black; MoS, nanoparticles, yellow. (b—f) TEM images of (b) 1L-MoS,@0MC, (c) 2L-MoS,@0MC, (d) 3L-MoS,@0MC,
(e) 4L-MoS,@0MC, and (f) Meso-MoS,. Corresponding atomic resolution TEM images (g—k) and histograms for layer number
distribution (I—p). The average number of MoS, layers is denoted as 'N' in (I—p).
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tion of 1T layer structured metal sulfides.

The understanding of particle size effects, which
probe trends in catalytic activity per surface site within
a series of catalysts of varying particle sizes, can
provide critical insights into catalytic reactivity.*' =
In particular, studies utilizing catalysts below 5 nm,
where the structural and electronic properties of nano-
particles exhibit the most drastic changes, can suggest
compelling evidence. Hence, particle size effects have
been a topic of keen interests during the last several
decades, which have consequently led to the identifi-
cation of molecular factors responsible for reactivity
trends as well as a scientific basis for the design of
advanced catalysts. In many benchmark catalytic reac-
tions, such as CO oxidation and oxygen reduction
reaction, size effects have been well established.**~*®
However, the nanoscale particle size effect for the HER
by metal sulfide-based catalysts is not well established
yet. The lack of such studies stems primarily from the
difficulty in controlling the size of metal sulfide struc-
tures on the nanometer scale in the basal and edge
plane directions; the anisotropic nature of layered
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MoS, dictates the energetically favorable horizontal
growth, thus resulting in sheet or film-like structures.

In this work, we report the preparation of size-
controlled MoS, nanoparticles with monolayer preci-
sion, and their size-dependent HER activity trends. We
prepared MoS, nanoparticles embedded in ordered
mesoporous carbon (MoS,@O0MC) nanostructures
using mesoporous silica as a template (Figure 1a). In
this design, the layer number of the MoS; nanoparti-
cles could be controlled precisely from one to four
layers in a layer-by-layer manner by varying the MoS,
loading, while the basal plane size was maintained
below 5 nm. On the basis of density functional theory
(DFT) calculations, the most favorable structures
of single-, double-, and triple-layer MoS, for the HER
were identified, and the elementary step energetics
of the HER over these MoS, structures was calculated.
The size-controlled MoS,@OMC nanostructures exhib-
ited high activity in the HER, and they provided an
unprecedented insight into the increasing HER activity
with decreasing MoS, layer numbers in a quasi-linear
manner. A similar reactivity trend was also found
with cobalt-doped CoMoS,@OMC nanostructures.

VOL.9 = NO.4 = 3728-3739 = 2015 W)

WWww.acsnano.org

1101 L

3729



The higher HER activity of smaller metal sulfide nano-
particles was attributed to the collective contribution
of the higher degree of oxidation, higher Mo—S co-
ordination number, formation of the 1T phase, and
lower activation energy required to overcome transi-
tion state.

RESULTS AND DISCUSSION

Preparation and Characterization of MoS,@0MCs with Con-
trolled MoS, Layer Number. Figure 1a shows a schematic
of the preparation of the MoS,@0MC nanostructures.
The first step involved the partial filling of the pores of
the SBA-15 mesoporous silica template with carbon
structures, which was carried out via a similar method
to that used in the CMK-3 mesoporous carbon syn-
thesis,*® except for the decreased amount of the
carbon source. Subsequently, the molybdenum pre-
cursor was impregnated in the silica—carbon compos-
ite, followed by drying and sulfidation using H,S gas.
The etching of silica from the silica—carbon-MoS,
ternary composite afforded the MoS,@0MC nano-
structures. On the basis of previous reports on the
preparation of mesoporous MoS, (Meso-MoS,), %"
the sulfidation temperature was set at 600 °C for
the preparation of MoS,@0MC nanostructures. The
detailed synthetic procedure for the MoS,@O0MCs is
described in Materials and Methods section. The nom-
inal content of MoS, was controlled from 5 to 20 wt %,
and inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis indicated successful incor-
poration of the desired amount of the MoS, nano-
particles (Supporting Information Table S1).

Scanning electron microscope (SEM) images of the
MoS,@O0MC nanostructures (Supporting Information
Figure S1b,e) revealed that the short rod-like morphol-
ogy of the SBA-15 template (Figure S1a) was nearly
preserved in the templated replicas. Energy disper-
sive spectroscopy (EDS) elemental mapping images
(Supporting Information Figure S2) confirmed the
successful incorporation of the respective elements
(Mo, S, and Q) in the MoS,@OMCs. Transmission elec-
tron microscope (TEM) images of the MoS,@0MCs
(Figure Tb—e and Supporting Information Figure S3a—d)
showed that the MoS, nanoparticles were successfully
embedded and uniformly distributed within the carbon
nanorod arrays. From the TEM images, it was evident
that the layer number (or edge plane size) of the MoS,
nanoparticles increased with increasing MoS, content,
while the basal plane size was maintained below 5 nm
regardless of MoS, loading (Supporting Information
Table S2). Significantly, atomic resolution TEM (AR-TEM)
image (Figure 1g) and layer number distribution
(Figure 1l) established that the lowest MoS, loading
(5 wt %) sample was composed of nearly single
layer MoS, nanoparticles (the calculated average layer
number was 1.2). The AR-TEM image of this material
(Figure 1g) clearly showed individual Mo and S atoms in
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single-layer MoS,. The increase in the MoS, content to
10, 15, and 20 wt % in the MoS,@OMC nanostructures
led to layer number growth while preserving the
basal plane size, leading to the formation of 2.0,
2.9, and 3.9 layer MoS, nanoparticles (Figure 1Th—j for
AR-TEM images and Figure Tm—o for layer number
distributions). Hereafter, these materials are denoted
as 1L-, 2L-, 3L-, and 4L-MoS,@OMCs according to the
MoS, layer number. From the TEM observations, it was
found that at the initial stage, MoS, growth preferen-
tially occurred in the thermodynamically favorable basal
plane direction, which was limited by the confined
nanopore space of the silica—carbon composite; with
increased MoS, loading, the crystal growth took place
via the layer-by-layer vertical stacking of MoS, layers,
leading to a gradual increase in the layer number.
The average crystallite size of the basal and edge planes
in MoS, nanoparticles and their layer numbers, deter-
mined using TEM images, are summarized in Supporting
Information Table S2. Notably, from the AR-TEM images
of the MoS,@OMC nanostructures (Figure 1h—j), the
interlayer spacing of the (002) planes of MoS, was
0.64 nm, which was slightly larger than that of bulk
MoS, (0.61 nm).>2 The enlarged spacing could originate
from the curvatures and distortions of the (002) planes
during the confined growth of the MoS, nanoparticles
within the limited pore space of silica—carbon compos-
ite. In addition, the characterization of Meso-MoS,
(Figure 1f,k,p; see Supporting Information for the details
of its preparation) revealed that it was composed
of 54 layer nanoparticles. Overall, we demonstrated
the preparation of discrete size MoS, nanoparticles
with monolayer precision, which featured a high per-
centage of catalytically active edge sites and a distorted
(002) plane.

The MoS,@OMC nanostructures were further char-
acterized by X-ray diffraction (XRD) and nitrogen
adsorption analysis. The high-angle XRD patterns of
the MoS,@OMCs (Figure 2a) were commensurate with
that of the hexagonal MoS, standard (JCPDS card no:
75-1539). The edge plane direction (002) diffraction
peak at 260 = 14.1° became sharper with increased
layer numbers in the edge plane. It is noteworthy that
1L- and 2L-MoS,@0OMCs exhibited featureless (002)
diffraction peaks, which was in good agreement with
the TEM observations. The small-angle XRD patterns
of the MoS,@O0MCs (Supporting Information Figure S4)
exhibited distinct X-ray diffraction lines below 2°,
indicating a periodic mesostructure. The porous struc-
ture of the MoS,@OMCs, as analyzed by nitrogen
adsorption—desorption isotherms (Supporting Infor-
mation Figure S5 and S6), indicated uniform meso-
pores, large Brunauer—Emmett—Teller (BET) surface
areas (as high as 1090 m? g~ '), and large pore volumes
(Supporting Information Table S3). As expected, the
increase in the MoS, content in MoS,@OMCs resulted
in a decreased BET surface area and pore volume.
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Figure 2. Structural and electronic characterization. (a) Wide-
angle XRD patterns, with reference pattern for 2H MoS; crystal
structure (Joint Commission for Powder Diffraction Standard
(JCPDS): #75-1539) displayed as vertical bars. (b) Mo K-edge
EXAFS fitting spectra. Detailed fitting parameters are summa-
rized in Supporting Information Table S4. (c and d) XPS spectra
of (c) Mo 3d and S 2s and (d) S 2p orbitals of the samples.

The local coordination environment of MoS,
in MoS,@O0MCs was investigated by extended X-ray
absorption fine structure (EXAFS). The Fourier trans-
formed k3-weighted Mo K-edge EXAFS spectra
(Figure 2b and Supporting Information Table S4) ex-
hibited two main peaks at 1.96 and 2.81 A, which
correspond to Mo—S and Mo—Mo bonds, respectively.
With decreased layer numbers in MoS,, the relative
peak intensity for Mo—Mo bonding compared to that
of Mo—S bonding decreased and the coordina-
tion number (CN) ratio between Mo—S and Mo—Mo
(Ns/Nmo) increased (Supporting Information Figure S7).
The electronic structures of the samples were accessed
with X-ray photoelectron spectroscopy (XPS) analysis
(Figure 2¢,d). In the Mo 3d XPS spectra (Figure 2c),
the peaks at 229.3—229.4 eV (Mo 3ds,,) and 232.4—
233.0 eV (Mo 3ds/,) (shown in blue) were predomi-
nantly observed, which can be matched with the oxi-
dation state of Mo**. The two doublets at higher bind-
ing energies, corresponding to Mo>* (red) and Mo®*
(purple) oxidation states were observed. The oxide
species appear to be generated during HF etching of
silica and subsequent exposure to air3' The gentle
oxidation is known to be advantageous for HER catalysis
by formation of pits which expose more edge sites.>
The oxide peaks gradually developed with decreased
MoS; layer number, presumably due to the propensity
of Mo toward surface oxidation in smaller MoS,
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nanoparticles. Notably, the increase in the intensity
of the doublet peaks around 228.3 and 231.4 eV from
the bulk MoS, to 1L-MoS,@OMC nanostructure sug-
gested the evolution of structurally distorted 1T phase
MoS, with decreasing layer number.34° In the decon-
voluted spectra of the S 2p region (Figure 2d), the bulk
MoS, and Meso-MoS, samples showed main peaks at
162.1—162.3 eV (S 2ps,,) and 163.3—163.5 eV (S 2p,,2)
that correspond to the S*~ species.?’ For the MoS,@
OMC nanostructures, the peaks for 5,2~ ligands at
higher binding energies (163.9—164.1 eV and 164.9—
165.2 eV for S 2ps3,, and S 2p, ., respectively) gradually
evolved with decreasing MoS, layer numbers at
the expense of S?~ species. The gradual increase of
the unsaturated S,°~ peak together with a decrease
in the number of layers may indicate an increasing
number of bridging and terminal S,~ ligands which
are known to correlate with active sites and defect,
respectively.>>** Moreover, 1L.-MoS,@OMC exhibited a
peak corresponding to sulfuric oxide (SO,) species, indi-
cative of the most enhanced oxidation state among the
MoS,@OMC nanostructures. Overall, EXAFS and XPS
suggested the increased coordination of Mo—S bond-
ing, increased presence of S, ligands, and enhanced
surface oxidation with decreased layer numbers in MoS,
nanoparticles.

Gibbs Free Energies of Hydrogen Adsorption on MoS, Structures.
We theoretically explored the Gibbs free energy of the
adsorbed hydrogen on MoS, structures in vacuum con-
dition by DFT calculations. This calculation was designed
to estimate appropriate coverage of sulfur on Mo- and
S-edges. Significantly, we investigated single- and dou-
ble-layer MoS,,'>** as well as previously unexplored
triple-layer MoS, structures, thereby providing an un-
precedented level of insights into the energetics of
hydrogen adsorption on MoS,. Figure 3a shows the
structural models for Mo(1010) and S(1010) edges with
varying sulfur coverage. Models A and A’ represent Mo-
edge structures covered with 50% and 100% S atoms,
respectively, whereas Models B and B’ correspond to
S-edge structures with 75% and 100% S atoms, respec-
tively. Figure 3b shows the representative slab models
for single-, double-, and triple-layer (denoted as 1L, 2L,
and 3L, respectively) MoS,, and Supporting Information
Figure S8 displays all the model structures of interestand
sulfur sites for a stable adsorption of hydrogen atoms.
We found Model B/, which is a more stable form than
those used in previous studies (Supporting Information
Figure 59).>°> > The values of Gibbs free energy (AG%),
which were obtained through calculating the binding
energy of hydrogen (AEy), are presented in Support-
ing Information Table S5. We point out that, for more
accurate calculations of AG%,, the temperature effect
was included (Supporting Information). A Gibbs free
energy near zero suggests superior HER activity.""

The AG® with 1L MoS, models (Figure 3c) was first
calculated. It was revealed that, for Mo- and S-edge
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Figure 3. DFT calculations of the Gibbs free energy for H adsorption on the MoS, structures. (a) Top and side views of the
semi-infinite slab models of Mo- and S-edge sites in MoS, with different degree of sulfur coverage. The S atoms along the edge
and at terrace sites are represented by light and dark yellow spheres, respectively, and Mo atoms are presented as blue-green
spheres. A supercell structure (i.e. x:12.84 A, y:30.0 A, z:30.0 A) was created by four Mo atoms in the x, y directions. The slab
model is only periodic in the x direction, and the Mo- and S-edges are exposed in the y direction. The terms, A, A’, B, and B’
represent Mo-edge (50% S), Mo-edge (100% S), S-edge (75% S), and S-edge (100% S) structures, respectively (Supporting
Information Figure S8). (b) Representative layer models for 1L, 2L, and 3L MoS,. The slab models for 2L and 3L are stacked with
a layer center-to-center distance of 6.19 A, and a vacuum space is introduced above and below the layer models. (c—f) The
Gibbs free energy (AG®,) for hydrogen adsorption on the (c) 1L, (d) 2L, (e) 3L (2nd), and (f) 3L (3rd) MoS, models with varying
degree of sulfur coverage (6s). The '2nd' and '3rd' indicate that hydrogen adsorption occurs at the 2nd layer and 3rd layer
(equivalent to the 1st layer) in the 3L models, respectively. The green boxes in the legends and green circles in the plots
correspond with each other and represent the most suitable points for the HER. The red letters in the legends indicate the
location of the layers at which hydrogen adsorption occurs.

structures, Models A (50% S) and B (75% S) are favor- B layer was found to be the most suitable structure for
able structures for the HER, respectively. In the calcula- the HER.

tion of AG®; with the 2L MoS, models (Figure 3d),
the bond stability was affected by the sulfur coverage
of the H-adsorbed layer as well as the edge configura-
tions of adjacent layers on the same side. The Mo-
edge(0% S) was not used to construct the 2L models,
since the Mo-edge(0% S) has been known to be
unstable and the adsorbed hydrogen on this layer
shows strong adsorption, which consequently indi-
cates difficult desorption (see Materials and Methods
section).”® By considering the inclusion of assorted
energies induced from the temperature effect, the

G°, of Model A-B where hydrogen adsorbed on the

SEO ET AL.

Next, DFT calculations were extended to the 3L
MoS, models which were constructed based on the
above 2L models that were found to be favorable for
the HER (Supporting Information Figure S8). For the 3L
MoS, models, hydrogen can be adsorbed on the 2nd
layer or 3rd layer (equivalent to 1st layer). Hence,
3L(2nd) and 3L(3rd) models were considered, and their
calculated Gibbs free energies are shown in Figure 3e
and 3f, respectively. The AG®'s of 3L(3rd) models were
similar to those of the 2L models with either type of
edge. Also, it was revealed that regardless of whether
bonding occurs at the 2nd or 3rd layer, the S-edge
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Figure 4. DFT calculations of the reaction paths on the Mo-edge layer models during the Heyrovsky reaction. The energy
diagrams of the reaction paths on the Mo-edge (50% S) for a hydrogen coverage of 50% in the (a) 1L, (b) 2L, (c) 3L (2nd), and (d)
3L (3rd) models with respect to the reaction coordinate. The acronyms IS, TS, and FS represent the initial, transition, and final
state, respectively. The numbers represent the relative energies of each state based on that of the IS. The black spheres
represent either adsorbed H or desorbed H,. The pink letter represents the layer with adsorbed H's.

produces a more thermo-neutral S—H bond (that is,
close to a zero energy) than the Mo-edge. Comparing
the two 3L models, the adsorption at the 2nd layer
produces a more thermo-neutral S—H bond than the
3rd layer for the Mo-edge and a comparable thermo-
neutral bond for the S-edge.

Calculations of Elementary Step Energetics for HER over
MoS,. From the aforementioned Gibbs free energy
calculations, the energetically most favorable MoS,
models (i.e., Mo-edge(50% S) and S-edge(75% S)) for
the HER could be deduced. Next, the energetics of
elementary steps in the HER was calculated by tracking
the reaction pathway in each MoS; model. As previous
studies revealed, MoS, catalysts followed the Volmer-
Heyrovsky mechanism during HER.'>?%333% Heyrovsky
reaction, which is the electrochemical desorption step,
includes the combination of one adsorbed hydrogen
atom and one proton freely floating in electrolyte. The
latter proton must be introduced in water environ-
ments.>*%° Thus, we modeled the solvated proton,
which was originated from H,SO,, with two adjacent
water molecules seizing the hydronium ion on both
sides (i.e., H;0"(H,0),), and applied the implicit water
environment by using the COSMO method.®' With the
simplified models, we investigated the energetics of
the reaction paths for Heyrovsky reaction on Mo-edge
first depending on the hydrogen coverage (Supporting
Information Figure S10). We found that the heats
of reaction and activation energies of 50% coverage
of hydrogen were lower, thus more favorable than 25%
coverage of hydrogen regardless of the layer numbers.

SEO ET AL.

Within the 50% coverage, separately adsorbed hydro-
gen atoms (denoted as “far” in Supporting Information
Figure S10) are more favorable than closely adsorbed
ones (denoted as “near” in Supporting Information
Figure S10) since the former case shows smaller
AG%, thus more thermo-neutral (see Supporting
Information Table S5). On the basis of the results,
the most possible case for the HER of our interest
was determined to be the 50% coverage of hydrogen,
where two hydrogen atoms were separately adsorbed.

For further study on the effect of layer numbers on
the HER, the energetics during the elementary reaction
paths of two separately adsorbed hydrogen atoms at
the Mo-edge in 1L (Model A), 2L (Model B-A), 3L(2nd)
(Model B-A-B), and 3L(3rd) (Model A-B-A) models was
calculated (Figure 4). As the number of layers was
increased, the heat of reaction and activation energy
at TS, where the adsorbed hydrogen atom combines
with a proton in H;0" at the edge site, were clearly
increased because of the van der Waals (vdW) effect
from adjacent S-edge layer(s). Similar activation ener-
gies of 2L and 3L(3rd) models revealed no significant
influence of the top layer in the 3L(3rd) system. How-
ever, a clear difference in the activation energies be-
tween 3L(2nd) and 3L(3rd) models existed because of
more vdW effects of adjacent S-edge layers located at
both sides. In the case of the S-edge shown in Support-
ing Information Figure S11, the activation energy was
increased as the number of layer was increased. Unlike
the case of Mo-edge, both activation energies of 3L(2nd)
and 3L(3rd) models were high since the S-edge top layer

VOL.9 = NO.4 = 3728-3739 = 2015 muLQL//\j Jf

Www.acsnano. org

3733



(o
N
N
o

5 —
< 51 Z 200
A 1L-MoS =
b 10 2L-I :',‘,2 -g
g -15 1 3L-MoS, g 160 1
8 4L-Mos, 2 1L-MoS,
€ Meso-MoS, 2 120 4 : -
2 25 Bulk-Mos, | O o 3L-MoS,
3 o S-OMGC 0 4L-Mos,
-04 -03 -02 -01 00 0.1 -0.5 0.0 0.5 1.0 1.5
Potential (V vs RHE) Log (Current Density)
3.0
¢ d 8 1 1L-MoS, e Mo atoms as active sites
ol / 1 2.5 1
My >
S O o A —— 3w, 20
Mo SEEIL DS —— 4L-Mos, ==
s = - s < Meso-MoS. 2
ihy 1- &, B 4 [57?57’ w 4 2 w 1.5
o A Mgedsgngl LY 9 O
< -—:_;r».,” |—2 F 40
v L_/;z:/'-‘!"_ v 0.5 1
Y 9000 v 0 - - - 0.0 L— : , :
i 025 -020 -0.15 -0.10 -0.05 1 2 3 4 5

Gibbs free energy-based model

Potential (V vs RHE)

Number of Layers (N)

Figure 5. HER activity and TOF calculations. (a) Linear sweep voltammetry curves of the samples for the HER. (b) Tafel plots of
LSV curves for MoS,@OMC nanostructures. Linear portion of the plots were used to calculate the Tafel slopes. (c) MoS,
structural model most suitable for the HER based on DFT calculations of the Gibbs free energy of hydrogen adsorption on
MoS,. (d and e) TOF calculations on MoS,@O0MC and Meso-MoS; nanostructures using the model shown in (c) and assuming Mo
atoms at the Mo-edge as active sites: (d) TOFs with respect to potential and (e) TOFs at —200 mV (vs RHE) with respect to the
number of layers (inset: Atomic resolution TEM images of corresponding MoS; nanoparticles in MoS,@0MC nanostructures).

could exert the vdW effect on the adsorption S-edge
layer at the bottom in the 3L(3rd) model. Even though
increasing trend of the heat of reaction and activation
energy was similar to the cases of Mo-edges, HER
on S-edge of 1L model was not favored in comparison
to that on Mo-edge due to larger heat of reaction and
activation energy. Therefore, by evaluating the Mo- and
S-edge cases, some important conclusions were drawn,
which might be crucial for predicting HER activity:
(i) the Mo-edge plays a major role in the HER, (ii) the
S-edge can, in principle, be involved in HER in view
of the thermo-neutral AG°,, yet little involved in view of
Heyrovsky reaction, (i) S-edge-type layers may severely
hinder HER that occurs on the Mo-edge layer, and (iv)
given the major role of the Mo-edge in HER with a little
contributions from the S-edge, the best order for the
HER might be 3L < 2L < 1L.

HER Activity and Turnover Frequency of MoS,@0MC Nano-
structures. The preparation of MoS, nanoparticles with
monolayer-precision allowed us to investigate particle
size effects down to single layer level. We explored the
electrocatalytic properties of MoS,@OMC nanostruc-
tures in the HER (Figure 5). For comparison, the HER
activities of bulk MoS,, Meso-MoS,, and sulfided OMC
(S-OMC) were also measured. The details of the elec-
trochemical measurements are described in Support-
ing Information. For all samples, the linear sweep
voltammetry (LSV) curves were measured five times
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and the average data were used (Supporting Informa-
tion Figure S12). For the MoS,@OMC nanostructures,
the LSV data were presented after the iR correction, for
which series resistances were measured using electro-
chemical impedance spectroscopy (EIS) (Supporting
Information Figure S13 and Table S6). As shown in
Figure 5a, only a small amount of current was derived
from the bulk MoS, and S-OMC even at high over-
potential greater than 300 mV; such low catalytic
activity could originate from the low intrinsic con-
ductivity of bulk MoS, and the small number of active
sites in S-OMC. In contrast, the MoS,@OMC catalysts
showed on-set potentials in the range of 120—132 mV
with comparatively low overpotentials. In addition,
the MoS,@OMC catalysts exhibited a current density
of -10 mA cm ™2 in the overpotential range 178—
192 mV (Supporting Information Table S7). Tafel slopes
were extracted (Figure 5b) from the linear regression of
the Tafel plots. The Tafel slopes of the MoS,@0MC
catalysts were between 60 and 65 mV/dec, which were
similar to those of other metal sulfide catalysts, such as
MoS, nanoparticles on Au surface (55—60 mV/dec),'®
amorphous molybdenum sulfide (60 mV/dec),?* and
[Mo5S,5]%~ clusters on highly oriented pyrolytic graph-
ite (HOPG) (57 mV/dec).*®

To gain a quantitative insight into the HER activity,
the turnover frequency (TOF) of the MoS,@OMC cata-
lysts was calculated. While the overpotential of catalysts
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has relevance to their device applicability, TOFs can
reveal an intrinsic catalytic activity of single active site
in MoS, nanoparticles. For the TOF calculations, MoS,
structural model (Figure 5¢), based on the Gibbs free
energy calculation-optimized layers (Model A and B in
Figure 3a), were constructed. With the MoS, model
in Figure 5c and the observed size of MoS; nanoparticles
in the MoS,@0MC, the number of each type of atoms in
the edge could be calculated (Supporting Information
for details). Mo atoms at the Mo-edges were considered
as active sites, similar to that in previous works.®'33>
Among the compared catalysts, the 1L- and 2L-MoS,@
OMC catalysts showed the highest activity, with a TOF of
232 s at an overpotential of 200 mV (Figure 5d and
Supporting Information Table S7). Comparison with
the TOFs of previously reported MoS,-based catalysts
at the same overpotential (Figure 4d in ref 35) indicated
the very high TOF of 1L- and 2L-MoS,@O0MCs, which
approached the TOF of [MosS;51*~ clusters on HOPG
(~3 s7") reported by Bessenbacher and co-workers>>
and was higher than the TOFs of MoS, on reduced
graphene oxide,'® electrodeposited amorphous MoSs,?’
and double gyroid structured MoS,.3' Upon examina-
tion of the HER activity trend of the MoS,@OMC cata-
lysts, it is clear that the TOF values nonlinearly decreased
with increased layer numbers in MoS, nanoparticles
(Figure 5e). While the HER activity was nearly preserved
from 1L- to 2L-MoS,@OMC, it rapidly diminished upon
stacking additional MoS, layers. The more remarkable
change of TOFs from 2L to 3L compared to that from 1L
to 2L can be explained by the energetics of the HER.
A similar trend is observed for the change of activation
energy required to overcome the transition state in
Figure 4. The activation energy increases more rapidly
from 2L to 3L than from 1L to 2L, demonstrating that the
activation energy is an important factor for determining
the HER performance. The origin of the increasing trend
in HER activity with decreased MoS, layer number was
attributed to a combination of several factors, including
the increased number of edge sulfur sites, their en-
hanced surface oxidation, and the evolution of the 1T
phase, as confirmed by EXAFS and XPS analyses. In
addition, the increase in activation energy at the transi-
tion state (TS in Figure 4) with layer numbers owing
to the vdW effect could also play an important role in
governing the HER activity.

We also carried out TOF calculations, assuming S
atoms on the Mo-edges as the active sites, as the
HER is initiated by the adsorption of H atoms on
such unsaturated S atoms (Supporting Information
Figure S14a,b). The HER activity trend over the MoS,@
OMC catalysts was similar to the aforementioned
calculation, yet the TOF values for this case were high-
er. In addition, as the S-edges can also be involved in
the HER, the TOFs of the MoS,@O0MC catalysts were
also calculated, assuming that the S atoms in both the
Mo- and S-edges were involved in the HER (Supporting
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Information Figure S14c,d). In addition, the TOF calcu-
lations were extended using the structural model
deduced from the binding energy calculations
(Supporting Information Figure S15a). With this model,
the TOFs were calculated by assuming the active
sites were (i) Mo atoms in the Mo-edge (Supporting
Information Figure S15b,¢), (ii) S atoms in the Mo-edge
(Supporting Information Figure S15d,e), and (iii) S
atoms in the Mo- and S-edge (Supporting Information
Figure S15f,g). All TOF calculations consistently sug-
gested decreasing HER activities in a quasi-linear manner
with increasing layer numbers in the MoS,.

Preparation and HER Activity of CoMoS,@0MC Nanostruc-
tures. To generalize the nanopore-confined synthesis
of metal sulfide nanoparticles and to confirm the
HER activity trend, we prepared cobalt-doped MoS,@
OMC (CoMoS,@O0MC) nanostructures. Previously, it
was shown that the addition of Co atoms in MoS, can
boost the HER activity.?® The characterization of the two
CoMoS,@OMC nanostructures by SEM, EDS elemental
mapping, XRD, nitrogen adsorption (Supporting Infor-
mation Figures S16—S19), and ICP-OES analysis
(Supporting Information Table S1) clearly revealed the
successful formation of mesoporous structures with
large surface area and homogeneous distributions of
the respective elements of the CoMoS, nanoparticles.
TEM images of CoMoS,@OMCs (Figure 6a,b) clearly
showed that the CoMoS, nanoparticles were success-
fully embedded within the OMC arrays, like the MoS,
nanoparticles within the MoS,@OMC nanostructures.
The combination of TEM images and layer number
analysis (Supporting Information Figure $20 and Table
S2) indicated that the two CoMoS,@OMCs with different
CoMoS, loading had an average of 2.5 and 3.5 layers
(hereafter denoted as 2.5L-CoMoS,@OMC and 3.5L-
CoMoS,@0OMC, respectively). The Mo K-edge EXAFS
fitting spectra of the CoMoS,@OMC nanostructures
(Supporting Information Figure S21a) exhibited very
similar peak positions and intensities to those of Mo-
S,@OMCs. The Co K-edge EXAFS spectra (Supporting
Information Figure S21b) revealed the absence of
Co—Co and Co—Mo bonds, indicating that Co was
atomically incorporated into the MoS, nanoparticles,
and that most Co atoms were located on the edge sites
rather than the basal plane, as suggested by Hu and co-
workers. 2 The EXAFS results were further substantiated by
Co 2p XPS analysis (Supporting Information Figure $22c),
as signals arising from CogSg and CoMo alloys were not
observed.? The Mo 3d and S 2p XPS spectra of CoMoS,@
OMC nanostructures (Supporting Information Figure
$22b,d) showed similar trends with those of MoS,@0OMCs;
the peaks corresponding to Mo>*, Mo®" and S,°~ oxida-
tion states became more noticeable with decreased
CoMoS, layer numbers, indicating enhanced surface oxi-
dation and an increased population of S,>~ species.

The HER activity of CoMoS,@OMC catalysts was
investigated and revealed enhanced catalytic activity
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Figure 6. TEM characterization and HER activity of CoMoS,@O0MC. TEM images of (a) 2.5L- and (b) 3.5L-CoMoS,@0MC
nanostructures. Inset images in (a) and (b) are the corresponding HRTEM images. (c) Linear sweep voltammetry curves after iR
correction of the CoMoS,@O0MCs for the HER. (d) TOFs of CoMoS,@OMC at —200 mV (vs RHE).

as compared to undoped MoS,@OMC catalysts; an
overpotential of 166—170 mV at a current density
of -10 mA cm ™2 (Figure 6¢ and Supporting Information
Table S7) was observed. The enhanced catalytic cap-
ability was corroborated by the EIS, as the Nyquist plots
for the CoMoS,@0MC catalysts exhibited substantially
reduced charge transfer resistance as compared to those
of MoS,@OMC (Supporting Information Figure S23 and
Table S6). The TOFs of CoMoS,@OMC were calculated
using the Gibbs free energy calculation-driven structural
model (Figure 5c), by assuming the Mo edge atoms as
active sites. The TOFs of 2.5L- and 3.5L-CoMoS,@0MC
catalysts were 5.13 and 2.30 s, respectively, which was
higher than that of MoS,@O0MC, confirming the promo-
tion effect of the Co dopant. The enhanced HER activity
of CoMoS,@0MC catalysts was attributed to the involve-
ment of the S-edges in the HER.'?>%* Significantly,
CoMoS,@0MC showed a similar trend of increasing
HER activity with decreasing CoMoS, layer number,
as in the case of the MoS,@0MC catalysts (Figure 6d
and Supporting Information Table S7). Finally, the
durability of the 3.5L-CoMoS,@O0MC catalyst, which
showed the best activity, was assessed by mea-
suring the HER activity after cycling the potential
between —0.3 and 0.1 V 1000 times. The LSV of 3.5L-
CoMoS,@0MC after cycling showed only a very small
negative shift in the potential (Supporting Information
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Figure S24), indicating the stability of the catalysts upon
prolonged operation.

CONCLUSIONS

We have demonstrated the preparation of MoS, nano-
particles with discrete layer numbers via nanopore-
confined synthesis, which enabled the investigation of
nanoscale size effects in the HER. The most favorable
single-, double-, and triple-layer MoS, model structures
for the HER were deduced using DFT calculations; with
these models, the detailed energetics of elementary
reactions during the HER was calculated. By combining
the HER activity measurements with the DFT calcula-
tion results, we established that the TOFs of MoS,@
OMC for the HER clearly decreased in a quasi-linear
manner with an increase in the layer number of MoS,
nanoparticles. The enhanced activity in smaller MoS,
nanoparticles was attributed to a combination of
several factors, including the high ratio of edge sulfur
sites, tendency toward enhanced surface oxidation,
propensity toward 1T phase formation, and lower
activation energy required to overcome the transition
state. Even though it was not considered in this work,
electron hopping efficiency between layers has re-
cently been suggested as being another important
factor influencing the HER performance.®® The HER activ-
ity trend observed with MoS,@OMC was generalized
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with CoMoS,@0MC nanostructures. The nanopore-
confined synthesis strategy that combined controll-
ability with monolayer-precision and suitability for
large-scale synthesis can be generalized to other
metal chalcogenides. We believe that the improve-
ment of synthetic procedure would yield MoS, nano-
particles with more narrow size distribution, which
in turn can be used as more reliable platform for
investigating the nanoscale size effect. In addition, to

MATERIALS AND METHODS

Synthesis of MS,@0MC (M = Mo and CoMo). The general synthetic
procedure for MS,@OMC (M-Mo and CoMo) nanostructures
consists of (i) partial filling of mesopores of SBA-15 silica
template with carbon structure, (ii) subsequent formation of
metal sulfide nanostructures inside the void spaces of carbon-
SBA-15 composites, and (iii) etching of the SBA-15 template.
The preparation of MoS,@0MC is described as follows: 6.10 g
of sucrose (Samchun) was dissolved in 20 g of DI water in a
PP bottle, and 0.69 g of H,S0O,4 (95%, Samchun) was added to
the solution. Then, 4.0 g of SBA-15 was added to the sucrose
solution, and the mixture was gently agitated to make a homo-
geneous paste. This paste was heated to 100 °C and maintained
at this temperature for 6 h, then was subsequently kept at
160 °C for 2 h under air. The brownish product was then
carbonized at 400 °C for 4 h, and at 900 °C for 2 h under N,
gas at a flow rate of 1 L min~". To the resulting carbon-SBA-15
composite, the molybdenum precursor was impregnated
and sulfided to generate MoS,-carbon-silica composites. A
specific amount (0.056, 0.11, 0.22, 0.45, 0.66, or 1.11 g) of
phosphomolybdic acid hydrate (PMA, Sigma-Aldrich) was
dissolved in 5 g of absolute ethanol, and 1.15 g of the
as-synthesized carbon-SBA-15 composite was added to the
solution. The mixture was stirred at 35 °C to evaporate the solvent,
and finely ground in an agate mortar. The resulting powder was
sulfided by raising the temperature to 600 °C at a heating rate
of 2 °C min™" and maintained at 600 °C for 5 h under 10%
H.S (balanced with Ar) gas at a flow rate of 200 mL min~". After
sulfidation, the furnace was cooled to room temperature (RT)
under N, gas flow. Finally, the SBA-15 silica template was etched
with HF. The nominal loadings of MoS,, based on the quantities
of PMA precursor listed above, were 5, 10, 15, and 20 wt %.
The synthesis of cobalt-doped CoMoS,@0MC nanostructures was
carried out in the same manner as MoS,@0MC, but with a mixture
of cobalt and molybdenum precursors. Specified amounts of
cobalt(ll) nitrate hexahydrate (Co(NOs),-6H,0, Sigma-Aldrich)
and PMA at a fixed molar ratio of Co:Mo = 1:3 were used.

Model Systems for Calculations. It is well-known that a MoS;
layer contains two types of edges: Mo-edge (1010) and S-edge
(1010), and the ratio of the two edge types should be one-
to-one in a stable layer.>® For this structure, the reactivity of
the layer varies by different sulfur coverage. When the layers
are stacked, many combinatorial sets should be considered.
We have systematically chosen model systems, based on the
representative edges of Mo and S, which exhibit stable adsorp-
tion and efficient HER. The model systems were generated
based on single-, double-, and triple-layer structures (1L, 2L,
and 3L, respectively) of MoS,. For 1L, the coverage of unsatu-
rated sulfur atoms attached at the Mo-edge was 0, 50, and
100%, and that of the S-edge was 50, 75, and 100%. From the
calculations of the 1L MoS, model, the Mo-edge (0% S coverage)
and S-edge (50% S) were not further considered in the calcula-
tions involving the 2L or 3L models, due to the instability of both
of these structures,®® especially the instability of the latter when
hydrogen is adsorbed. Hence, for 2L models, a total of eight
systems were constructed, based on the combinatorial sets of
Mo-edge (50% and 100% S) and S-edge (75% and 100% S). For 3L
models, accounting for the two types by stacking order
(Mo—S—Mo and S—Mo—S edges), we have constructed total
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interrogate the origin of HER activity in our catalysts,
the behavior of active species during HER will be
investigated by using in situ electrochemical X-ray
absorption methods combined with theoretical cal-
culations. Finally, the discernments gleaned from this
work can provide crucial information for designing
advanced HER catalysts, and may also be applied to
other metal sulfide-catalyzed reactions such as
hydrodesulfurization.®®

of 12 systems. In each system, the locations for the adsorption
of hydrogen are the Mo-edge (50% S) or S-edge (75% S) layer,
which are predicted to be favorable for HER. Supporting Informa-
tion Figure S8 displays all the systems considered for 1L, 2L, and
3L models. Note that A, A, B, and B’ represent Mo-edge(50% and
100% S) and S-edge(75% and 100% S), respectively. It is worth
noting that we have used a more stable form of S-edge(100% S),
which shows a zigzag structure of two S, dimers (see Figure S9
in Supporting Information). This structure is more stable by
~0.1 eV than the structure of two S, dimers presented in other
studies.”*”’
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