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Achieving ultra-dispersed 1T-Co-MoS,@HMCS via
space-confined engineering for highly efficient
hydrogen evolution in the universal pH ranget

® Yang Liu,® Chao Feng,® Wenjing Bao,® Fengyue Sun,?
@Yungi Liu® and Yukun Lu @%@

Changle Yue,? Yan Zhou,
Yongxiao Tuo,” Yuan Pan,

The rational design and synthesis of noble-metal-free electrocatalysts for water splitting is always impor-
tant for the future hydrogen economy. Therefore, it is necessary to design an effective transition metal
sulfide down to a molecular level. In this work, a multi-level spatial confinement strategy was developed
to fabricate Co-promoted 1T-MoS, (1T-Co-MoS,) by employing Evans—Showell-type polyoxometalates
(POMs) [Co,Mo010O3gH4] as molecular precursor. Highly dispersed 1T-Co-MoS, nanoclusters with few
layers (1-3 layers) and ultrasmall size (<5 nm) were synthesized within the hollow mesoporous carbon
sphere (HMCS) by in situ vapor phase sulfurization. During the preparation, coordination bonds, organic
cations and mesopores provide a triple-confinement environment to limit the growth of 1T-Co-MoS;
from the atomic level, molecular level to mesoscopic scale. The obtained 1T-Co-MoS,@HMCS exhibits
remarkable electrocatalytic activity and excellent long-term durability for hydrogen evolution reaction
(HER), with overpotentials of 220 and 245 mV to achieve the current density of 200 mA cm™in 1 M KOH
and 0.5 M H,SOy,, respectively. The corresponding theoretical calculations indicate that Co-S edge sites
are the most active sites of 1T-Co-MoS, for HER, reflecting the major significance of Co doping. The
superior HER performance could be attributed to the high intrinsic activity from Co-doped 1T-MoS; sites,
abundant exposed active sites from ultra-dispersed nanosheets, and enhanced charge and mass transfer
within the HMCS substrate. This work provides a novel design concept via hierarchical multiple-level
confinement for the synthesis of high-quality 1T-Co-MoS, and achieves outstanding performance in
electrocatalytic HER.

variety of non-noble metal catalysts including metal phos-
phides,” carbides,® and dichalcogenides”® have been explored

Hydrogen energy is one of the effective solutions for the
current increasing energy demand and environmental pol-
lution caused by fossil energy.! In recent years, electrocatalytic
water splitting to generate stable and sustainable clean hydro-
gen fuels has attracted considerable attention.> Although
noble-metal-based hydrogen evolution reaction (HER) catalysts
show high activity, their practical applications are limited by
their high cost and low abundance.® Therefore, it is urgent to
explore earth-abundant electrocatalysts for electrocatalytic
water splitting with high efficiency and stability.* A large
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to replace noble-metal-based electrocatalysts. Among them,
two-dimensional (2D) molybdenum disulfide (MoS,) is one of
the most investigated electrocatalysts for the HER process.”’
MoS, has attracted much attention in the field of hydrogen
production due to its similar Gibbs free energy (AGy+) for
hydrogen absorption to that of Pt and its flexible molecular
structure.’® The S-edge sites of MoS, are thermally neutral to
hydrogen absorption (AGy- = 0.08 eV) and are considered to
be the catalytic active centers."* Among the different crystalline
phases of MoS,, 1T-MoS, is a metallic phase with an electrical
conductivity 10” times higher than that of 2H-MoS,, which can
greatly improve the charge transfer efficiency in the HER
process.? It was demonstrated that both the basal planes and
edges of the 1T phase are active sites for HER, which leads to
excellent electrocatalytic activity."® In particular, 1T-MoS,
shows more efficient HER activity than that of 2H-MoS, in
acidic solutions due to the partially filled Mo 4d and S 3p elec-
tronic states around the Fermi level.'* Although 1T-MoS,
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offers more active sites and adequate H adsorption, its cata-
lytic performance of HER in alkaline solutions still needs to be
improved.'> The slow HER kinetics of 1T-MoS, in alkaline
solutions is due to the rather sluggish initial water splitting
step (Volmer step).'®

Heteroatom doping strategy has been widely applied to
MosS, to further enhance its HER catalytic activity by further
tuning its electronic structure.'”'® Grenborg'® et al has
demonstrated that the MoS, cluster can be doped by Co to
provide both Mo- and S-terminated edges when the MoS,
cluster size is larger than ~2 nm. Because the thermodynamic
stability of 1T phase is less than that of 2H phase of MoS,,
1T-MoS, can only be obtained under harsh synthetic
strategies.’>?® Although extensive research has been carried
out to seek the way of fabricating heteroatom-doped 1T-MoS,,
it is rather complicated to obtain single 1T phase MoS, by a
conventional hydrothermal (or solvothermal) method.*'
Thus, it is difficult to synthesize heteroatom-doped 1T-MoS,
on a large scale. However, it has been found that metastable
1T-MoS, can be achieved by confining the lateral size and
stacking numbers of MoS, nanosheets.>* Thus, it is reasonable
to believe that a confinement approach can lead to successful
synthesis of heteroatom-doped 1T-MoS, when its size can be
confined to less than ~5 nm in diameter and the stacking
numbers can be reduced to single or few layers.

Recently, polyoxometalates (POMs) display great advantages
as an excellent bimetallic precursor platform.®”**"*® It pro-
vides more than one type of transition metal element in a
single-molecular level. Owing to the sub-nanometer size, well-
defined structure, and tunable chemical composition, Mo-con-
taining POMSs have been widely studied as molecular-level pre-
cursors to fabricate a Mo-based active phase with a relatively
uniform size and homogeneous structure.”*° Our previous
investigations also showed that the use of CosMo,, as a precur-
sor can successfully obtain ultra-small-sized MoS, and CoS.>
Single-phase Co-doped 1T-MoS, was not achieved in the pre-
vious investigation because of the rather rigorous sulfidation
conditions and the aggregation of the precursors during the
sulfidation process. Thankfully, we have discovered a multi-
level confinement strategy to achieve ultra-small single-phase
Co-doped 1T-MoS, by ion exchange and vapor phase sulfida-
tion in mesopores with POMs. The cations of POMs can be
easily exchanged by cationic surfactants, and thus, they can
interconnect the POMs and anchor each POM unit in specific
positions up to a supramolecular level. However, supramole-
cules are more likely to grow into large MoS, nanosheets or
nano-blocks during sulfidation, which is not conducive to the
synthesis of small-sized 1T-MoS,.>° Therefore, further spatial
confinement, an excellent way to induce the 2D nanosheet
with metastable phases, is needed to limit the growth of cata-
lytic materials.>*?' HMCS have been previously reported as
typical synthetic nanoreactors, which illustrated their competi-
tive potential in heterogeneous catalysis due to their adjustable
microenvironmental effects.®* The mesoporous confinement
effect of HMCS proves to be the key to improving catalytic per-
formance, and it is essentially driven by an integrated action
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of electronic metal-support interaction, reactant enrichment
and diffusion, which are mainly ascribed to the peculiar pro-
perties of hollow nanoreactors in both electronic and struc-
tural aspects, respectively.’>** Accordingly, multiple confine-
ment strategies at different scales can be integrated to prepare
highly dispersed heteroatom-doped 1T-MoS,.

As illustrated in Fig. 1, the bottom-up multi-level spatial
confinement strategy is presented for the design and fabrica-
tion of ultra-dispersed 1T-Co-MoS, nanoclusters employing
Evans-Showell-type POMs (NH,)s[Co,Mo0,,035H,] (denoted as
Co,Moy,) as precursors. The multiple confined processes are
achieved by rationally utilizing hierarchical interactions from
the atomic level to the mesoscopic scale: (1) Chemical bond
confinement at the atomic level, in which the Co atoms are
anchored via Co-O-Mo coordinative bonding and encapsu-
lated within single POM clusters possessing a stable and
specific Co,Moy, structure, which realizes the close contact of
Mo and Co atoms and guarantees enormously the catalytic
synergism of binary Co-doped MoS, active sites for HER. (2)
Organic cation confinement at the molecular level, which is
achieved by selecting hexamethonium (HM) bromide as the
appropriate counter-cation, with single [Co,Mo4,]°~ polyoxoa-
nion spontaneously separated and integrated into inorganic—
organic hybrid networks (Co,Mo40)(HM); via electrovalent
bonding, thereby deriving superior dispersed Co-doped MoS,
nanosheets with few layers. (3) Mesopore confinement at nano-
scale, in which the HMCS provides abundant pore structures,
with soluble (Co,Mo,)(HM); hybrid molecules that were
adsorbed and spatially confined within nanosized meso-cages,
and then homogeneously distributed throughout conductive H
substrates, effectively inhibiting the agglomeration and
migration during the following sulfurization, and maintaining
the ultrafine Co-MoS, nanosheets inside the nano-space. As we
expected, the obtained 1T-Co-MoS,@HMCS possesses the
aforementioned structural superiorities and exhibits remark-
able electrocatalytic activities and excellent long-term dura-
bility towards HER in both alkaline and acidic electrolytes.
Thus, this work provides a novel design concept via hierarchi-
cal multi-level confinement for the synthesis of high-quality
1T-Co-MoS, to enhance the electrocatalytic performance.
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[Co,Moy]E (Co,Mo,0)(HM); (Co,Mo,0)(HM);@HMCS

Fig. 1 Schematic diagram of the preparation of (Co,Mo,0)(HM)s@HMCS
precursors by a multi-level confined strategy.
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2. Experimental section

All the chemicals used in this study were purchased and used
without further purification.

2.1 Preparation of HMCS

First, 7.00 mL NH;3;-H,O was added to 160 mL aqueous solu-
tion of ethanol (Vethano!: Vwater = 7:1) to obtain an alkaline
environment. After sufficient magnetic stirring, 7.00 mL TPOS
(24.2 mmol) was added slowly to the solution and stirred for
30 min. Then, 1.12 mL CH,O (13.8 mmol) solution and
0.800 g C¢HgO, (7.27 mmol) dissolved in 4.00 mL ethanol by
ultrasonication were slowly dropped into the above solution.
After stirring for 24 h at room temperature, light yellow SiO,
precipitates were separated from the creamy white solution by
centrifugation and dried at 60 °C. The SiO, powder was then
carbonized at 900 °C for 4 h in a N, (99.999%) atmosphere at a
heating rate of 5 °C min™", followed by natural cooling to
produce black SiO,@C spheres. The black HMCS powder
could be obtained by SiO,@C spheres stirred in a 13 wt% HF
solution for 2 days.

2.2 Preparation of (NH,4)6[Co,Mo0,,H,035]-4H,0 (Co,Mo,,)

Ammonium salt of decamolybdodicobaltate Co,Mo;, was syn-
thesized according to the published procedure.?® First, 15.0 g
(12.1 mmol) (NH4)M0;0,4-4H,0 and 3.10 g (12.4 mmol) Co
(CH3C00),-4H,0 were dissolved in 125 mL water, and then
3.00 g active charcoal and 20.0 mL peroxide solution (18%)
were added to the solution. After boiling the black solution for
1 h, the active charcoal was separated by filtration. Dark-green
Co,Mo,, crystals were obtained by slow evaporation of the
solvent at room temperature.

2.3 Synthesis of (Co,Mo,,)(HM); @HMCS

Co,Mo,, was used as the source for both Co and Mo. First,
0.248 g (0.133 mmol) Co,Mo,, and 0.144 g (0.399 mmol) hex-
amethonium (HM) bromide were dissolved in 20.0 mL de-
ionized water. Then, 30.0 mg HMCS was added to the clear
green solution and stirred at room temperature for 12 h to
obtain  (Co,Mo0,0)(HM);@HMCS. The black (Co,Moy0)
(HM);@HMCS precipitates were separated by centrifugation,
washed several times with deionized water and dried at 60 °C
for 24 h.

2.4 Synthesis of 1T-Co-MoS,@HMCS

In this work, 1T-Co-MoS,@HMCS was obtained by calcining
(Co,Mo44)(HM);@HMCS under 10 vol% H,S/H, at 400 °C for
4 h at a heating rate of 5 °C min™".

2.5 Synthesis of Co-MoS,@HMCS

Co-MoS,@HMCS was obtained without HM compared with
1T-Co-MoS,@HMCS. First, 0.248 g (0.133 mmol) Co,Mo,, was
dissolved in 20 mL deionized water for 30 min. Then, 30.0 mg
HMCS was added to this solution and stirred for 12 h. The as-
synthesized black product was separated by centrifugation,
washed several times with deionized water and then dried at

This journal is © the Partner Organisations 2022
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60 °C for 24 h. Then, the prepared sample was further calcined
under 10 vol% H,S/H, at 400 °C for 4 h at a heating rate of
5 °C min™', followed by natural cooling to produce Co-
MoS,@HMCS powder.

2.6 Synthesis of Co-MoS,

Co-MoS, was prepared by calcining Co,Mo,, at 400 °C for 4 h
at a heating rate of 5 °C min™' in a 10 vol% H,S/H,
atmosphere.

2.7 Synthesis of MoS,@HMCS and CoS@HMCS

First, 0.282 g (0.228 mmol) (NH4)sM0,0,,-4H,0 or 0.398 g
(1.60 mmol) Co(CH;COO0),-4H,0 was dissolved in 20.0 mL de-
ionized water containing 0.144 g (0.399 mmol) hexametho-
nium (HM) bromide for 30 min. Then, 30.0 mg HMCS was
added to this solution and stirred for 12 h. The as-synthesized
product was separated by centrifugation, washed several times
with deionized water and then dried at 60 °C for 24 h. Then,
the prepared sample was further calcined under 10 vol%
H,S/H, at 400 °C for 4 h at a heating rate of 5 °C min™", fol-
lowed by natural cooling to produce a MoS,@HMCS or
CoS@HMCS powder.

2.8 Synthesis of 2H-MoS,

Hydrothermal synthesis in a sealed autoclave system was used
for the preparation of 2H-MoS,. First, 1.44 g (10 mmol) MoO;
and 3.04 g (40 mmol) CH,N,S were dispersed in 70 mL de-
ionized water under stirring to form a homogeneous solution.
Then, the above solution was transferred into a 100 mL Teflon-
lined stainless steel autoclave and kept at 220 °C for 12 h. The
final product was washed several times with deionized water
and dried at 60 °C.

2.9 Structural characterizations

X-ray powder diffraction (XRD) patterns of the products were
acquired using an X-ray diffractometer (BRUKER DS$§
ADVANCE) with Cu Ka radiation (1 = 1.5418 A, 40 kv, 40 mA) at
room temperature. Scanning electron microscopic (SEM)
images of the products were acquired using a field-emission
SEM (JMS-7900F). High-resolution transmission electron
microscopic (HRTEM) images, energy-dispersive X-ray spec-
troscopy (EDX) spectra and annular dark-field STEM images of
the products were recorded using a HRTEM (JEM-2100F).
Fourier transform infrared (FT-IR) spectra were recorded using
a VERTEX 80 V FT-IR spectrometer. The chemical states of the
sample were determined by X-ray photoelectron spectroscopy
(XPS) using a Thermo VG ESCALAB250XI surface analysis
system. N, adsorption-desorption isotherms were obtained
using a Quantachrome Autosorb-1-MP analyzer at 77 K and the
specific surface area was calculated automatically using a mul-
tipoint Brunauer-Emmett-Teller (BET) model. Raman spectra
of the catalysts were recorded using a Senterra laser Raman
spectrometer (4 = 532 nm) equipped with an optical micro-
scope in the confocal mode.
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https://doi.org/10.1039/d2qi00269h

Published on 12 April 2022. Downloaded on 4/6/2026 11:23:30 PM.

Research Article

2.10 Electrochemical characterizations

All of the electrochemical performance tests in 1.0 M KOH and
0.5 M H,SO, electrolyte media were performed using a Gamry
INTERFACE 1000 E, USA, using a saturated calomel electrode
(SCE) electrode, a graphite rod, and as-prepared bimetal
sulfide electrodes as the reference electrode, the counter elec-
trode, and the working electrode, respectively. All polarization
curves at 2 mV s~ were iR compensated. The linear sweep vol-
tammetry (LSV) measurements were recorded at a scan rate of
2 mV s~'. The cyclic voltammetry (CV) measurements were
carried out with different sweep rates between 40 and 200 mV
s~'. The long-term stability tests were performed by CV tests at
a scan rate of 100 mV s™'. The electrochemical impedance
spectroscopy (EIS) tests were performed by ac impedance spec-
troscopy in the frequency range of 10° to 1 Hz. According to
the Nernst equation Erpyg = Esceg + 0.059 pH + 0.254, where
Erur is the potential vs. a reversible hydrogen electrode, Escg
is the potential vs. an SCE electrode, and pH is the pH value of
the electrolyte.

The surface of the glassy carbon electrode (GCE, 3 mm dia-
meter) was polished with 0.3 pm alumina slurries and soni-
cated with deionized water and ethanol. Then, the electrode
was dried at 25 °C. To prepare modified electrodes, 5.0 mg of
electrocatalyst was dispersed into 1.005 mL of Nafion solution
[5.0 uL Nafion (5%) dissolved in 1.000 mL of ethanol] to give a
homogeneous suspension upon bath sonication. Then,
20.0 pL of the suspension was dropped onto the GCE surface
and the electrode was dried at 25 °C.

3. Results and discussion
3.1 Preparation and characterization of 1T-Co-MoS,@HMCS

The detailed synthesis procedures of Co,Mo,, and HMCS were
described in the ESIf Accordingly, 1T-Co-MoS,@HMCS is
achieved via three steps, as displayed in Fig. 2. First, SiO,@C
was selectively etched to remove the SiO, template to form a
hollow carbon sphere with a mesoporous shell and radially
aligned channels. The HMCS can then be served as a nanor-
eactor to accommodate highly dispersed Co,Mo,, within the
cationic surfactants HM®* to obtain the (Co,Moy)
(HM);@HMCS precursor. Subsequently, spatially confined
1T-Co-MoS, in HMCS (1T-Co-MoS,@HMCS) was constructed

Sio,@C HMCS

(Co;Mo,6)(HM);
@HMCS

1T-Co-MoS. @HMCS

& (coMoyls e HMze ol % ; %

Fig. 2 Schematic illustration of the preparation approach of 1T-Co-
MoS2@HMCS.
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by vapor phase sulfurization in a tubular furnace at 400 °C for
4 h under a H,S/H, atmosphere. During this process, the 1T
phase Co-MoS, was facilely derived from Co,Mo,, precursors
via in situ O-S exchange and then uniformly dispersed
throughout the HMCS frameworks. Thus, the as-prepared
1T-Co-MoS,@HMCS can provide a large number of Co-doped
1T-MoS, active sites and efficient electric conductivity to
achieve high catalytic activity and stability towards HER
catalysis.

To further elucidate the spatial confinement effects provide
by the surfactants and HMCS, XRD characterizations are
applied to investigate the crystal structure of Co,Mo;, and
(Co,Mo040)(HM);@HMCS. As shown in Fig. Sla,t the diffrac-
tion peaks of (Co,Mo,,)(HM);@HMCS shift to small angles,
indicating that the crystal lattice of Co,Mo,, is effectively
enlarged by HM>" organic chains under the action of spatial
confined engineering, which provides a basis for ultra-dis-
persed catalysts. This suggests that the spatial confinement is
effective on confining the POMs precursor, and thus, sub-
sequently limits the growth of Co-MoS,. Fig. S1b¥ represents
the FT-IR results of Co,Mo;, and (Co,Mo;,)(HM);@HMCS.
The peaks at 615, 679, 863, 907, and 940 cm ™" are assigned to
the stretching vibration of the Co-O, Mo-O-Mo, and Mo=O0 in
Co,Mo,, molecules. Besides, the peaks at 1405, 1615, and
3200-3600 cm™ " are ascribed to O-H and N-H modes in
Co,Mo,, suggesting the existence of molecular water and
NH,". In comparison, the stretching vibration of Co-O, Mo-O-
Mo, and Mo=0 in (Co,Mo0;,)(HM); @HMCS shifts toward a
lower wave number, which could be attributed to the increased
bond length caused by the enlarged lattice space.’® At the
same time, the FT-IR spectra of (Co,Mo;,)(HM);@HMCS do
not contain peaks associated with O-H and N-H, indicating
successful replacement of NH," cations on Co,Mo,, by HM*"
cationic surfactants. The successful preparation of host-guest
precursors (Co,Mo,,)(HM);@HMCS is attributed to the out-
standing structure characteristics and self-assembly ability of
[Co,Mo40]°~ polyoxoanions.

Fig. 3a shows the SEM image of HMCS after the SiO, tem-
plate was removed, with an average diameter of 450 + 50 nm.
The spherical structure of HMCS indicates that the removal
process of SiO, did not affect the template morphology. The
XRD and FT-IR characterizations shown in Fig. S21 suggest
that SiO, was successfully removed by HF. After loading with
(Co,Mo,40)(HM); and followed by sulfidation, the spherical
structure of HMCS is retained (Fig. 3b), suggesting the for-
mation of Co-MoS, inside the pores of HMCS. The TEM image
of broken spheres shown in Fig. 3c indicates the hollow struc-
ture of 1T-Co-MoS,@HMCS, with the uniform size and a shell
of ~50 nm thickness. To further understand the compositions
within carbon spheres, XRD was applied. As shown in Fig. 3d,
the characteristic diffraction peaks of MoS, are detected in
1T-Co-MoS,@HMCS, and the distinct diffraction angle of the
(002) crystal plane of MoS, significantly shifts to a lower angle
(11.8°) compared to 14.4° of MoS, (PDF# 01-089-3040), due to
the increase in MoS, interlayer spacing caused by the spatial
confined effect. No other peaks related to Co species were

This journal is © the Partner Organisations 2022
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Fig. 3 (a and b) SEM images of HMCS and 1T-Co-MoS,@HMCS, (c)
TEM images of 1T-Co-MoS,@HMCS, (d) XRD patterns for HMCS, Co-
MoS,, Co-MoS,@HMCS, (Co,Mo;0)(HM)s@HMCS and  1T-Co-
MoS,@HMCS, and (eand f) HRTEM images of 1T-Co-MoS,@HMCS, (g)
HAADF-STEM images, and (h) the EDX mapping obtained by TEM for
selected area of 1T-Co-MoS,@HMCS.

observed in the XRD patterns, suggesting that after a vapor
phase sulfidation process, a single phase of Co-MoS, was suc-
cessfully formed in the HMCS. Fig. 3e shows the HRTEM
image and the corresponding FFT image (inset) of 1T-Co-
MoS,@HMCS, displays that the order lattice spacings are 0.75
and 0.27 nm, corresponding to the (002) and (100) crystal
planes of MoS,. This obvious increase in d-spacing in the (002)
plane compared to conventional MoS, (0.62 nm) agrees with
the findings from the XRD pattern and the calculated result
from Bragg’s equation.” The expanded interplanar spacing of
MoS, can greatly favour the phase transition from 2H to 1T.
Meanwhile, compared with Co-MoS, obtained by direct sulfi-
dation of Co,Mo,, most of the MoO, phase remains,
suggesting that the confined sulfidation process has a higher
degree of sulfidation. The complete sulfidation of (Co,Mo4()
(HM);@HMCS is attributed to the higher degree of dispersion
of Co,Mo;, due to the confinement effects provided by HMCS
and the cationic surfactants. This confirms that the HMCS pro-
vides a fine environment for MoS, to be formed and dispersed
inside the carbon spheres due to the spatial confinement
effect. In addition, compared to the XRD patterns of 1T-Co-
MoS,@HMCS, the materials obtained without addition of sur-
factant (Co-MoS,@HMCS) show identical diffraction patterns,
indicating that the HM>" surfactant only serves as confinement
agents during the sulfidation process and significantly
improve the active phase dispersion (Fig. S3+).
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Fig. 3f and Fig. S47 show the HRTEM images of 1T-Co-MoS,
confined within HMCS. The ultra-small 1T-Co-MoS, cluster
exhibits approximately truncated triangular shape, which is con-
sistent with previous studies of the CoMoS phase.'*?%%”
According to the research of Lauritsen et al,'® this shape can
indicate Co doping into a 1T-MoS, crystal lattice, where Co ter-
minates the growth of 1T-MoS, along the (001) plane and pro-
motes the formation of the Co-substituted S-edge. In other
words, the modification to a partially truncated triangular
shape was concluded to be driven by the preferential substi-
tution of Co atoms at the S-edges, which further stabilizes the
energy of the S-edge.' It was also demonstrated in similar
research that CoMoS nanoparticles exhibit a truncated hexag-
onal equilibrium morphology due to Co deposition, exposing
both Mo- and S-edges.*® To the best of our knowledge, single-
layer Co-MoS, was prepared with difficultly and observed in
addition to the growth on the Au support by chemical vapor
deposition. Furthermore, the lateral size of 1T-Co-MoS, was
found to be ~4 nm, and the stacking number was observed in
single or few layers (1-3 layers). The limited pore size and cat-
ionic surfactants could avoid the accumulation and growth of
MoS, caused by sulfidation at the basal plane and epitaxial
direction, respectively.> It is speculated that the appearance of
Co-doped 1T-MoS, may originate from the large interlayer
spacing with small size regulated by the spatially restricted
domain and the electron-modulating effect of Co doping.**'
Thus, the truncated triangular morphology, few-layer stacking,
and reduced lateral size observed in 1T-Co-MoS,@HMCS could
be attributed to the synergistically confined growth effect from
the atomic level to the mesoscopic scale, which benefits from
the hierarchical structural (Co,Mo,,)(HM);@HMCS precursor
and in situ vapour-phase sulfurization approach.

The porous structures of HMCS on the shell of hollow
nanospheres are further supported by the annular dark-field
STEM analysis. As shown in Fig. 3g, the dark areas indicate the
enrichment of mesopores in HMCS, and bright areas indicate
the dispersion of Co-MoS, in the HMCS with small sizes. The
elemental mappings from EDX show the presence and hom-
ogenous distribution of C, Co, Mo, and S (Fig. 3h), indicating
that the synthetic method in this study implemented uniform
dispersion of small-sized Co-MoS, in the HMCS nanoreactor
and provided more discrete catalytic sites for HER. Meanwhile,
it also benefits from the organic cation-confined engineering
of Co-O-Mo within the POMs molecule, realizing doping and
dispersion of the double transition metals at the molecular
level. In addition, the BET analysis shows that the specific
surface area of HMCS is about 1377 m* g, and the main pore
size is about 7.8 nm in diameter (Fig. S4t). The specific
surface area of 1T-Co-MoS,@HMCS is about 189.6 m*> g~*, and
the main pore size is about 7.1 nm in diameter, which reveals
the successful loading of MoS, nanosheets inside carbon
spheres. These results show that the obtained 1T-Co-
MoS,@HMCS maintain the mesoporous structure of HMCS,
which can expose the numerous 1T-Co-MoS, active sites and
promote faster charge and mass transfer to enhance the
electrocatalytic performance.
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Fig. 4 (a) Raman spectra and high-resolution XPS spectra of (b) Mo 3d
and (c) S 2p of 1T-Co-MoS,@HMCS catalyst and 2H-MoS,.

Raman spectra further confirm the existence of 1T-MoS,
nanosheets in HMCS (Fig. 4a and S6t). The Raman spectrum
of 1T-Co-MoS,@HMCS reveals vibration peaks appearing at
144 (J1), 235 (/>), 283 (Ey), and 333 cm™'(J3), attributed to the
highly distorted structure of 1T-MoS,. The broadening of 404
(Asg) and 375 em™" (E',,) modes and the suppressed intensity
of E',, are also typical for the 1T phase. To further demon-
strate the high proportion of 1T-MoS,, the Raman spectrum of
pure 2H-MoS, is compared to 1T-Co-MoS,@HMCS. Two strong
fingerprint peaks of 2H-MoS, appear at 375 and 404 cm™,
assigned to the in-plane and out-of-plane vibration modes of
2H-MoS,, respectively. The comparison results show the high
proportion of 1T-MoS, in 1T-Co-MoS,@HMCS, which also
coincides with the results of XPS. In addition, the three peaks
between 800 and 1000 cm™' are ascribed to the molecular
structure of M03S;3,*>*® which locate at the edge sites of MoS,,
thus further proving that the ultra-small nanosheets of 1T-Co-
MoS,@HMCS can expose a large quantity of under-co-
ordinated Mo-S edge sites. The other two peaks located at
1341 and 1595 cm™" in 1T-Co-MoS,@HMCS are attributed to
the D and G bands of graphitized carbon, which confirms the
presence of the HMCS shell. Herein, it is confirmed by Raman
spectroscopy that 1T-MoS, with abundant edge active sites
loaded on carbon spheres was indeed prepared. To further
verify the chemical composition and valence state of 1T-Co-
MoS,@HMCS, XPS analyses were carried out. Fig. S7at shows
the full XPS spectrum of 1T-Co-MoS,@HMCS, indicating the
existence of Co, N, C, Mo, and S. The results show a low
atomic ratio of 0.65% Co, while the atomic ratio of Mo is
2.83%, which is about 5 times higher than that of Co. This
coincides with the atomic ratio of POMs, Co,Mo04,. In Fig. 4b,
the peaks at around 229.0 and 232.2 eV correspond to the
binding energies of Mo 3dz;, and Mo 3ds, for 1T-MoS,.**
Compared to the deconvoluted peaks for 2H-MoS, (purple
peaks), the decrease in the binding energy of 1T-MoS, is
because the Mo-S bond in the unit cell has a shorter bond
length than that of the 2H phase. The electron-rich S increases
the electron cloud density of Mo due to its strong electro-
negativity, which increases the shielding effect as a result. The
Mo 3d peaks of 1T-Co-MoS, shift to lower binding energies of
approximately 1 eV when compared with the peaks shown in
2H-MoS,, and demonstrate a relaxation energy of 1 eV for the
1T phase derived from the 2H phase. The peaks at about 235.8
and 233.7 eV in the 1T-Co-MoS,@HMCS are attributed to the
existence of a small amount of Mo®". Deconvolution of the
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high-resolution spectrum in the Mo 3d region shows that the
1T phase content is as high as ~90%, indicating successful
synthesis of 1T phase Co-MoS,. Similarly, for the S 2p spec-
trum (Fig. 4c), the 2py,, and 2p;, peaks locate at 163.2 and
161.9 eV, which are approximately 1 eV lower than the corres-
ponding binding energies of 2H-MoS, (164.3 and 162.6 eV).
The changes in these peaks could be ascribed to the formation
of 1T-MoS,.** In addition, the low intensity of S 2s (Fig. 4b) in
the 1T-Co-MoS,@HMCS catalysts can be caused by the
sulphur vacancy produced during the vapor-phase sulfidation
process. The presence of sulphur vacancy leads to the destruc-
tion of Mo-S, which allows Mo to combine with oxygen to
form MoO,. That is why the peak intensity of Mo®" of MoO; is
slightly higher than that of Mo** of the 2H phase. Of course,
leaving the sample in the air for a long time also increases the
intensity of the Mo®* peak."**® Fig. S7bt shows the XPS spec-
trum in the Co 2p region. The spectrum is weaker than that of
other elements, indicating relatively low contents of Co in the
1T-Co-MoS,@HMCS, which agrees with the EDX mapping ana-
lysis results (Fig. 3h). The deconvoluted peaks at 794.0 and
779.1 eV could be assigned to the binding energy of 2p,,, and
2ps;, of Co®", respectively, whereas the peaks at 798.4 and
782.0 eV could be ascribed to the binding energy of 2p,/, and
2psy» spin orbits of Co>*. The peaks at 802.6 and 787.7 eV are
the satellite peaks due to the surface complication.*”

In order to exhibit the effectiveness of the multi-level space-
confined strategy to obtain 1T-MoS,, the XPS spectra and
Raman spectra were further taken to demonstrate the contri-
bution of each level of the strategy to the substable structure.
As shown in the Mo 3d and S 2p XPS spectra presented in
Fig. S8 and S9,7 there is almost no 1T-MoS, in Co-MoS,, and
1T-MoS, coexists with 2H-MoS, in Co-MoS,@HMCS and
MoS,@HMCS. These results indicate that at each level, the
strategy provides support to enhance the 1T-MoS, proportion.
In particular, HMCS, with mesoporous structures capable of
limiting nanosheet growth, play the most critical role, which is
consistent with the Raman spectra (Fig. S107).

Thus, all the above-mentioned results show that the 1T-Co-
MoS,@HMCS nanospheres synthesized by the spatial confine-
ment strategy combined with vapor-phase sulfidation have
been proven effective to obtain ultra-dispersed nano-sized
1T-Co-MoS, within the highly disordered mesoporous struc-
ture of HMCS. Hence, it is expected to obtain excellent electro-
catalytic performance.

3.2 1T-Co-MoS,@HMCS electrocatalytic performance evalu-
ation for HER

To explore the HER electrocatalytic activity of the as-syn-
thesized 1T-Co-MoS,@HMCS, the electrochemical measure-
ments of 1T-Co-MoS,@HMCS were evaluated by linear sweep
voltammetry (LSV) at a scan rate of 5 mV s™' in 1 M KOH and
0.5 M H,SO, aqueous solutions. As shown in Fig. 5, the HER
performance of (Co,Mo,,)(HM);@HMCS, Co-MoS,@HMCS,
Co-MoS,, HMCS and commercial 20% Pt/C was also investi-
gated. Fig. 5a exhibits that 1T-Co-MoS,@HMCS delivers
smaller overpotentials (74 and 220 mV) compared with

This journal is © the Partner Organisations 2022
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Fig. 5 (a) HER polarization curves of different electrodes and electrode
materials in 1.0 M KOH. (b) Corresponding Tafel plots obtained from (a).
(c) HER durability of 1T-Co-MoS,@HMCS in 1.0 M KOH: polarization
curves; the inset is the time dependence of catalytic currents. (d) HER
polarization curves of different electrodes and electrode materials in 0.5
M H,SO,. (e) Corresponding Tafel plot obtained from (d). (f) HER dura-
bility of 1T-Co-MoS,@HMCS in 0.5 M H,SO,4: polarization curves; the
inset is the time dependence of catalytic currents.

(Co,Mo040)(HM); @HMCS (228 and 365 mV), Co-MoS,@HMCS
(123 and 295 mV), Co-MoS, (168 and 415 mV), and HMCS (358
and 595 mV) at —10 and —200 mA cm > in 1 M KOH, respect-
ively. Among them, the HMCS shows the highest overpotential
for HER in 1.0 M KOH, suggesting that the HMCS is inactive
towards HER catalysis and only serves as a conductive sub-
strate. Similarly, the LSV curve of (Co,Mo04,)(HM);@HMCS pre-
cursor also reflects inert hydrogen evolution activity.
Compared with spatially confined 1T-Co-MoS, in HMCS, Co-
MoS, without confinement exhibited low HER catalytic activity,
indicating that the confinement of 1T-Co-MoS, within the
mesoporous carbon sphere and the surfactants can signifi-
cantly enhance the activity of catalytic materials. Besides, Co-
MoS,@HMCS shows reasonable HER catalytic activity,
suggesting that the presence of HMCS itself without the surfac-
tants can help disperse Co-MoS, to some extent. Thus, the
above discussion for the LSV image results illustrates the posi-
tive effect of multi-level confinements. HER kinetics was
further evaluated using Tafel plots. The Tafel slopes of 1T-Co-
MoS,@HMCS, (Co,Mo4,)(HM);@HMCS, Co-Mo0S,@HMCS, Co-
MoS,, HMCS and commercial 20% Pt/C were calculated as 63,
81, 101, 107, 141 and 29 mV-dec " in 1 M KOH, respectively
(Fig. 5b). The rather low Tafel slope of 1T-Co-MoS,@HMCS
suggests the fast rate of electron transfer kinetics. In addition,
electrochemical impedance spectroscopic measurements were
performed under acidic and alkaline conditions. As shown in
Fig. S11,f the 1T-Co-MoS,@HMCS electrocatalyst exhibits a
much lower charge transfer resistance (R.) than a series of pre-
pared CoMo catalysts, indicating the rapid interfacial reaction
rate of the 1T-Co-MoS, catalyst in the HER process.*®

Generally, the HER activity of catalysts is affected by the
electrochemical active surface area (ECSA) and intrinsic activity;
therefore, it is necessary to estimate the catalytically active
surface area to reveal the effect of spatial confined regulation.
The double-layer capacitance (C4) was investigated by cyclic vol-
tammetry, which is generally proportional to the ECSA (Fig. S12
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and S137). 1T-Co-MoS,@HMCS catalysts exhibited medium C,
suggesting that the improved HER activity of 1T-Co-
MoS,@HMCS catalysts originate from the enhanced intrinsic
activity of each active site. Among them, Cy of unconfined Co-
MoS, proves the low electrochemical working area of undis-
persed Co,Mo,0, implying a poor HER performance, which is
consistent with the LSV results. Cj test results show that
Co,Moy, precursors, hexamethonium (HM) bromide surfactants,
HMCS substrate, and vapor phase sulfidation all have a decisive
contribution to the catalytic performance of the target catalyst.
Stability was tested to reflect the durable operation of the electro-
catalyst for water electrolysis. As shown in Fig. 5¢, LSV curves
before and after 20000 cyclic voltammetry (CV) cycles were
recorded to examine the stability in an alkaline medium, and
the insert figure contains the i-t curve of 40 h at =200 mA cm™>
continuous electrolysis on 1T-Co-MoS,@HMCS, which exhibits
almost no deactivation for HER. The above-mentioned electro-
chemical tests have obtained similar results under acidic con-
ditions. 1T-Co-MoS,@HMCS exhibits superior low overpotential
(132 and 245 mV at —10 and —200 mA-cm >, respectively), low
Tafel slope (78 mV-dec™") and excellent cycle stability compared
to other materials in 0.5 M H,SO, (Fig. 5d-f). Table S1 and S27
list the detailed comparison of the HER performance of 1T-Co-
MoS,@HMCS with other reported recent non-precious electroca-
talysts, revealing that the 1T-Co-MoS,@HMCS nanosheet is
superior to the reported Mo- or Co-based HER electrocatalysts.

In order to prove the benefits of POMs as a high-quality
bimetal assembly platform, individual MoS,@HMCS and
CoS@HMCS, as well as their mechanically mixed nano-
structures, were also prepared based on the related procedures
reported in the literature, whose HER performances were eval-
uated by LSV, as shown in Fig. S14.f The nanospheres
MoS,@HMCS and CoS@HMCS both show inferior HER
electrocatalytic activities, with potentials of 162 and 446 mV at
—-10 mA-cm™? in 1 M KOH, respectively. The similar situation
occurred in 0.5 M H,SO,, but MoS,@HMCS had a reduced
overpotential compared to that in alkaline solutions, implying
a higher intrinsic activity of MoS, under acidic conditions, in
agreement with previous studies.'® In addition, 1T-Co-
MoS,@HMCS was also examined in neutral and sea water
solutions, and showed reasonable performances (Fig. S157).

The prominent HER performance of 1T-Co-MoS,@HMCS
could be ascribed to the following two reasons: (1) The multile-
vel confinement effect was shown to be an effective way to syn-
thesize 1T-MoS, with abundant active sites, providing a struc-
tural basis for its high activity. Based on the advantageous
platform of POMs, the dispersant improves the dispersion of
active sites by inner-space-limited engineering. Meanwhile, the
HMCS, as a nanoreactor with a large number of disordered
mesoporous structures, was loaded with nanoscale MoS,
sheets by outer-space-limited engineering. The diffusion
length of molecules/ions was shortened, resulting in a large
amount of H, production. (2) The bimetallic synergistic effect
of 1T-MoS, was achieved by Co doping at the S-edge, which
effectively adjusts the electronic structure and thus improves
the absorption and desorption efficiency of H,.
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3.3 DFT calculations

We developed a 1T-Co-MoS, model for DFT calculations and
investigated the doping effect on the HER activity of 1T-MoS, by
substituting different Mo sites with Co (Fig. S16t). The adsorp-
tion model for acidic and alkaline conditions is shown in
Fig. S17 and S18.1 As shown in Fig. 6a, we discuss the contri-
bution of different types of S sites to the catalytic activity.
Fig. 6b reports the energy barriers of H,O dissociation and H,
desorption in an alkali environment. The H,O dissociation step
is the rate-limiting step, and the free energy barrier follows the
trend of Mo-S basal sites (2.29 eV) > Co-S basal site (2.21 eV) >
Mo-S edge site (2.07 eV) > Co-S edge site (1.94 eV). For the de-
sorption process of H,, AGy~ on the Co-S edge site (1.14 eV) is
much lower than that on the Mo-S basal site of 1T MoS, (1.60
eV), the Co-S basal site (1.50 eV), and the Mo-S edge site (1.34
eV) of 1T-Co-MoS,, demonstrating the easier desorption process
on Co-S edge sites. These calculations are consistent with the
experimental finding that the most active site of 1T-Co-
MoS,@HMCS is the Co-S edge site, lowering the free energy for
H,O dissociation and H desorption, both important steps in
alkaline HER, giving rise to enhanced activity towards HER and
reflecting the major significance of Co doping.*>*° Moreover,
the DFT calculation results exhibited a similar activity trend
under acidic solutions (Fig. 6c¢), indicating the high intrinsic
activity of the Co-S edge sites. The calculated results are in
agreement with the results of previous studies, which confirmed
that the Heyrovsky route for the complete HER pathway is more
favourable than the Tafel route.**

The atomic interaction of 1T-MoS, and Co was further
studied based on the electronic structure analysis. Due to the
doping effects of Co, the S atoms are more positively charged
than pure 1T-MoS,, thus forming a built-in electric field, so
that the charges can be quickly transferred between Co and S
(Fig. S191). Compared with the Mo-S basal site of 1T-MoS,
and the Co-S basal site of 1T-Co-MoS, (cobalt doped inside),
the DOS of the Co-S edge site near the Fermi level enhanced
(Fig. S207), indicating that the synergetic effects of Co and S in
the boundary significantly increased the charge transfer
during water splitting.”* Furthermore, the d-band centre of S
atoms in the Co edge site of 1T-Co-MoS, system is also shifted
to a higher energy of —0.752 eV than that in the 1T-MoS,
system (—1.162 eV) and Co basal site of 1T-Co-MoS, (—1.025
eV) (Fig. S207). The shift of the d-band centre would further
lead to less occupation of the antibonding states between the
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Co edge of 1T-Co-MoS, and adsorbed intermediates, thereby
enhancing their binding strength. The DOS and PDOS results
show the positive roles of the synergetic coupling effects of Co
and S in the boundary, confirming that the density of the
unoccupied e, orbit state increased in the Co edge of 1T-Co-
MoS, (Fig. S211). With enhanced conductivity, improved
binding strength with intermediates and unoccupied e, orbits,
the Co-S edge site of 1T-Co-MoS, can significantly optimize
the HER activity.

3.4 Structure-activity relationship

As shown in Fig. 7, the optimized combination of Co,Moy,
binary POMs, hexamethonium (HM) bromide surfactants, and
HMCS substrates shows obvious synergistic effects for the
design and synthesis of efficient HER catalysts. Consequently,
the well-dispersed (1-3 layers), ultrafine (<5 nm), and meta-
stable Co-doped 1T-MoS, nanoclusters were in situ fabricated
from the POM-based molecular precursor via a multi-level
spatial confinement strategy. Based on the aforementioned
experimental results, we conclude three advantages for the
superior precursors (Co,Mo,,)(HM);@HMCS and the corres-
ponding multi-level spatial confinement strategy, so-called
“killing three birds with one stone”, as follows: First, the nano-
sized Co,Mo;, molecules with a strong and intimate Co-O-Mo
interaction facilitated the formation of the Co-promoted MoS,
phase, that is so-called Co-MoS, active sites. The Mo atom at
the S-edge in MoS, is preferential substituted by Co to generate
new Co-S edges, leading to the shape transformation from tri-
angular MoS, to truncated triangular Co-MoS, clusters. This
result was verified by considering a previously reported
study.*® Second, the cationic surfactant hexamethonium (HM)
bromide was used for dispersing the Co-MoS, nanosheets and
preventing them from stacking in the [002] direction, resulting
in the formation of single- or few-layer Co-MoS, protected by
organic buffer layers. As the previous studies suggested, the
expanded interlayer spacing of MoS, can be beneficial for the
formation of 1T-MoS,.>*> However, ultra-small Co-MoS,
nanosheets often suffer from severe aggregation and poor
thermal stability for their high surface free energy. Third,
mesoporous HMCS were therefore adopted to greatly stabilize
single-layer nanoclusters and inhibit the epitaxial growth of
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MoS,, favouring the formation of metastable 1T-MoS, in the
confined spaces.

In addition, 1T-Co-MoS,@HMCS not only preserves the
mesoporous structure to expose rich Co-MoS, edge active sites
in a network of pores, but also acts as an effective electron con-
ductor, electrolyte transporter and active site protector to
enhance charge and mass transfer, which can effectively
confine the catalytic HER in hollow sphere structures and
make each mesopore configuration as an independent and
efficient HER active ecosystem.” Therefore, the great HER
electrocatalytic performance of 1T-Co-MoS,@HMCS should be
attributed to its unique structure, high intrinsic activity from
Co-doped 1T-MoS, sites, abundant exposed active sites from
ultra-dispersed nanosheets, and enhanced charge and mass
transfer within the HMCS substrate.

4. Conclusions

In summary, highly dispersed 1T-Co-MoS, nanoclusters with
few layers and ultra-small size have been successfully fabri-
cated and encapsulated within HMCS conductive substrates by
spatially confining engineering. During in situ vapor-phase sul-
furization, the optimized precursor combination of Co,Mo,,
binary POMs, hexamethonium (HM) bromide surfactants, and
HMCS substrates exhibits synergistically confined growth
effects from the atomic level, molecular level to mesoscopic
scale, thereby achieving the simultaneous regulation of active
sites, basal planes, and epitaxial growth of MoS,. When evalu-
ated as an electrocatalyst for the HER process, 1T-Co-
MoS,@HMCS shows a prominent activity and excellent long-
term durability, and only requires an overpotential of 220 and
245 mV at 200 mA cm ™ current density in 1 M KOH and 0.5 M
H,SO0, electrolytes, respectively. DFT calculations further reveal
that Co-S edge sites possess highly intrinsic activity in Co-
doped 1T-MoS, for HER, reflecting the major significance of
Co doping. Meanwhile, the mesoporous and carbonaceous
structures of HMCS can expose the numerous Co-doped
1T-MoS, active edge sites and promote faster charge and mass
transfer to enhance the apparent catalytic activity. Thus, this
work provides the first facile preparation of high-purity Co-
doped 1T-MoS, by multi-level spatial confinement and offers
an effective way to solve the poor basic activity through Co
doping, which offers a reasonable scheme for the design and
synthesis of other metastable nanomaterials derived from
POM-based hybrid precursors.
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