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ABSTRACT: Binder-free, cost-effective, and stable hydrogen evolution reaction electro-
catalytic electrodes with a customized size are urgently needed for large-scale industrial
hydrogen production. Toward this challenge, self-supported TiC@MoS, (TCMS) ceramic
membrane electrodes were fabricated by a self-template strategy. Porous TiC ceramic
membranes with straight finger-like pores were first fabricated by phase inversion tape-casting
and sintering. Then, a 1T-2H MoS, nanosheet layer grew on the porous conductive TiC
skeleton. The high conductivity of the TCMS skeleton promotes charge transfer, while the
porous structure, which consists of abundant finger-like and cavernous pores, favors proton
transfer and bubble transfer during the electrolysis process. The optimal TCMS composition
displayed an overpotential of —127 mV at —10 mA-cm™?, a Tafel slope of 41 mV-dec™!, and an extremely high electrochemical active
area of 1079.4 mF-cm ™ as well as remarkable stability in 0.5 M H,SO,. A high Faradaic efficiency of 99.7% was also achieved. The
superior electrocatalytic performance was ascribed to the synergistic effect of the tight bonding and the crystal matching between
TiC and MoS,, the unique dual pore structure, the abundant exposed active sites of MoS, nanoflakes, and the high 1T-MoS,
content. First-principles density functional calculations showed that the 1T-MoS,/TiC hybrid has the lowest free energy for H
adsorption (0.116 €V) and the highest density of states near the Fermi level, which leads to a strong catalytic activity.

1. INTRODUCTION IT (octahedral Oy).'' It is worthy of note that the
unsatisfactory catalytic performance of the thermodynamically
stable bulk 2H-phase MoS, is a result of its poor conductivity
as well as the limited number of exposed active-edge sites
during the process of HER catalysis.'>'” Different from the 2H
phase, the 1T phase is metallic and highly active to catalyze
HER, but its metastable characteristics limit its application.'*
Thus, it is desirable to utilize combined 1T and 2H phases of
MoS, to achieve good HER performance with long-term
stability.

Coating is a popular routine to obtain an abundance of
active-edge sites of MoS, along with good electrical
conductivity, whereby one or a few layers of MoS, coat the
surface of conductive materials, such as transition metal-
based,'® nickel foam-based,'® or carbon-based ones.!” The big
challenge is to obtain MoS,-based materials with long-term
stability and good mechanical strength in order to satisfy the
requirements for HER catalytic electrodes.'® The construction
of novel MoS,-based electrodes with high conductivity and

Hydrogen is an excellent clean and infinitely renewable source
of energy; thus, it is a viable alternative to fossil fuels, which
have a known environmental impact, and their limited deposits
are gradually being depleted on a global scale."”” The wide use
of electrochemical water splitting to produce hydrogen must
assure a sustainable hydrogen evolution reaction (HER).
Accordingly, advanced electrocatalysts with high performance
should be produced by easy and effective (in other words
versatile, reliable, and low-cost) methods.”

Generally, noble metals, such as Pt and Pt-based materials,
are the most effective HER catalysts; yet, their high cost and
the scarcity of their natural occurrence hinder their scale-up
deployment globally.* Transition-metal compounds are
potential noble metal-free alternatives, which attract great
attention as electrocatalytic materials, owing to their abundant
natural reserves and the superior electrocatalytic activity.”™"
Nonetheless, a breakthrough in the improvement of the
sluggish kinetics of reactions when non-noble-metal catalysts
are involved in it still poses an enormous challenge.” Among
other newly developed catalytic materials, the two-dimensional
disulfide compounds of transition metals, such as molybdenum
disulfide, are very attractive because of the low hydrogen-
adsorption free energy, low cost, and high chemical stability."
According to the arrangement of S atoms, MoS, has two
distinct crystalline phases of 2H (trigonal prismatic Dy;) and
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high HER catalytic activity through an easy preparation
strategy will allow for the industrialization of hydrogen
production technologies.

Ceramic membranes are widely used in daily life, such as in
bone replacement,19 gas se%)aration,20 treatment of oily
wastewater,”’ energy storage,2 and so forth. When it comes
to ceramic membranes, attention is focused on manipulating
their structure. This is done through adjusting the particle size,
sacrificial pore formers, sintering conditions, and so forth.”®
Porous structures with an appropriate pore size facilitate
improved mass transfer, especially the flow of gases and
liquids.”* In recent years, titanium carbides (TiC) attract a lot
of interest as a promising substrate for catalysts on account of
its excellent electronic conductivity, corrosion resistance, and
chemical and electrochemical stability.”> > Zhi Wei Seh et al.
reported for the first time the application of two-dimensional
layered transition-metal carbides as electrocatalysts for HER.*!
Later, Ramalingam et al. reported on TiC-based MXene
(Ti,C,T,) as an efficient solid support to host a nitrogen- and
sulfur-coordinated ruthenium single-atom catalyst.”* This work
presented a good strategy for fabricating a porous TiC ceramic
electrode, which can host various catalysts with good
conductivity.

The present paper reports on the successful production of a
self-supported HER electrode, where vertically aligned nano-
sheets of 1T-2H MoS, on the TiC porous ceramic membrane
were prepared through a combined phase inversion tape-
casting and sintering method, followed by an easy hydro-
thermal process. Through this production process, the
membrane exhibits ample straight finger-like voids, which
enable high loading of the catalyst and provide a sufficient
number of channels for effective bubble transportation inside
the electrode during HER.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

2.1. Production of Porous Conductive TiC Ceramic
Membranes. A combined induced phase inversion tape-casting
and sintering technique was applied to fabricate the porous
conductive TiC ceramic membranes. The starting ceramic powder
mixture, comprising 93 wt % commercially available TiC, 2 wt % SiC,
and S wt % Y,05 (all in fine powder form), was added to a stable
polymer solution, which contained O-(2-aminopropyl)-O’-(2-me-
thoxyethyl)-polypropylene glycol (My, = 600 Da, Sigma Aldrich Co.
Ltd.,, USA) as a dispersant, N-methyl-2-pyrrolidone (CP, Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) as a solvent, and
polyethersulfone (RadelA-100, Solvay Advanced Polymers) as a
polymer binder.

The slurry, with a solid content of 50%, was poured into a ball-mill
pot with alumina balls. A homogeneous and stable suspension was
prepared after planetary ball-milling for 48 h at room temperature.
Then, the suspension was transferred to a vacuum degassing box for
degassing. The degassed suspension was cast on a glass plate at room
temperature and in ambient humidity through a doctor-blade method
with a gap of 1 mm. Then, soaking in a water bath for 12 h and in turn
drying at room temperature for 12 h took place.

Rectangular ceramic membranes of 3 X 1 X 0.1 cm® were cut from
the green body and placed on alumina plates. The TiC ceramic
membranes were sintered at 1600 °C under a nitrogen atmosphere.
The heat treatment involved the following stages: (i) heating with a
rate of S K/min up to 1000 °C, (ii) slower heating with 3 K/min up
to 1600 °C and a dwell for 4 h, and (iii) slow cooling inside the
furnace to room temperature. The resultant shrunk ceramic
membranes had a size of 2.7 X 0.9 X 0.09 cm”.

2.2. Production of TiC@MoS, Self-Supported Electrodes.
The TiC@MoS, (TCMS) self-supported electrodes were produced
through an easy one-step hydrothermal reaction as follows: 3.75
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mmol of sodium molybdate dihydrate (Na,MoO,2H,0) and 30
mmol of thiourea (CS (NH,),) were dissolved in a mixture of 20 mL
of deionized water and 10 mL of propanoic acid. The solution was
stirred for 20 min to get a homogeneous solution. Then, the solution,
along with one piece of the prepared TiC membrane, was transferred
into a 50 mL Teflon-lined stainless-steel autoclave, which was sealed
and then heated in an electric oven at 180 °C for 8 h. After heating,
the autoclave was left to cool to room temperature naturally.

The obtained ceramic membrane was rinsed with deionized water
and ethanol, and this was repeated for three consecutive times.
Finally, it was dried at 70 °C under vacuum for 12 h. The average
loading of 1T-2H Mo$, on TiC ceramics was 187.7 + 0.2 mg-cm 2,
calculated by the increase in the weight of 10 pieces of TiC after the
hydrothermal process. Moreover, various molar Mo/S ratios (adjusted
by the amounts of Na,M0O,2H,0 and CS (NH,),, respectively),
more specifically, 1: 1, 1: 4, 1: 6, 1: 8, and 1: 10, were used in order to
investigate the influence of this ratio on the growth of 1T-2H MoS,
on the surface of the TiC ceramics and on the properties and the
performance of the resultant electrodes. The produced TCMS
electrodes are designated as TCMS 1, TCMS 2, TCMS 3, TCMS
4, and TCMS 5, respectively.

2.3. Material Characterization. The microstructure analysis was
performed using a scanning electron microscope (HITACHI SU8220
series, japan) and a transmission electron microscope (JEM-2100F,
Japan) equipped with an energy-dispersive spectroscopy (EDS)
device for elemental analysis. Raman spectra were obtained with a 532
nm laser. X-ray diffraction (XRD) analysis was also carried out
(Philips PW 1700, using Cu K, radiation with an accelerating voltage
of 40 kV and a current of 40 mA at a scanning rate of 2 deg./min). X-
ray photoelectron spectroscopy (XPS) was conducted on an Escalab
250 (Thermo-VG Scientific, America) within a scanning range of
binding energy from 0 to 1350 eV in steps of 1 eV.

The Brunauer—Emmett—Teller (BET) surface area and the pore
size distribution of the membranes were measured by Tristar II 3020
M equipment (Micrometrics, America). Measurements of the
electrical conductivity of the TiC ceramic membranes were performed
at room temperature using a four-point probe method.

2.4. Electrochemical Measurements. Electrochemical measure-
ments were performed on an electrochemical workstation (CHI
660D) using a standard three-electrode system in N,-saturated 0.5 M
H,SO, aqueous solution. The pre-made pure TiC ceramic
membranes and the TCMS ceramic membranes were directly used
as working electrodes. A graphite rod and Ag/AgCl (in 3 M KCI
solution) served as the counter electrode and the reference electrode,
respectively. The test voltages were normalized with respect to the
reversible hydrogen electrode (RHE) using the following formula:

Ew‘ith respect to RHE = Ewith respect to Ag/AgCl (measured Value)

+ 0.059-pH + 0.1989

Linear sweep voltammetry (LSV) measurements were performed in
the range of 0 to —0.6 V (with respect to the RHE) at a rate of 1 mV-
s™' after i-R correction. Tafel slopes were derived from their
corresponding LSV data by fitting into the equation 1 = a + b-logj.
Cyclic voltammetry (CV) tests were conducted in the range of 0.22 to
0.3 V (with respect to the RHE) with scanning rates from 1 to S mV-
s7". The Nyquist plots were obtained with frequencies ranging from
100,000 to 0.01 Hz at an overpotential of —315 mV (with respect to
RHE). The impedance data were fitted to a simplified Randles circuit
in order to extract the series of the charge transfer resistance.
Measurements for determining the Faradaic efficiency (FE) were also
performed. More specifically, a three-electrode device, which
contained a H-type gas-tight electrolytic cell with a Nafion membrane,
was used in order to determine the FE (Figure S1). A synthesized
TCMS 4 electrode, a graphite rod, and an Ag/AgCl electrode were
used as working, counter, and reference electrodes, respectively. A
constant current of 0.02 A for 0.05 h was applied on the TCMS
cathode to evaluate the FE, and the FE of H, was calculated by the
following equation:>

https://doi.org/10.1021/acs.chemmater.1c01965
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nX2XF
IXt

FE (H,) = X 100%

where n is the mol of the generated H,, F is the Faraday constant, I is
the passed current (A), and ¢ is the time (s). The generated H, gas in
the headspace of the cell was analyzed (i.e, measured) by a
Techcomp GC-7900 gas chromatograph.

2.5. Density Functional Theory Calculations. First-principles
density functional theory (DFT) calculations were performed to
calculate the free energy of H adsorption (AGy) on various surfaces.
More specifically, the Cambridge Serial Total Energy Package
(CASTEP) code was used within the generalized-gradient approx-
imation in the Perdew—Burke—Ernzerhof implementation. In all
calculations, ultrasoft pseudopotential and Koelling—Hamon rela-
tivistic treatment were used. The other conditions were all in the
default settings of “fine” quality, while a plane-wave basis set with a
cutoff of 310 eV was used. All the lattice constants and atomic
coordinates were optimized until the maximum force of all atoms was
less than 0.03 eV/A. I'-centered K-points with $ X $ X 1 and § X § X
2 mesh were used for sampling the Brillouin zone of the single layer
and the double layer structure, respectively. To avoid interaction
between images, a vacuum space of 15 A was included. All the
structures were downloaded from Springer Materials. More details
related to calculations performed in the section of the DFT
calculations are presented in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structural Features. In order to shed light on the
features of the structure and the texture of the produced
TCMS self-supported electrodes, the experimental procedure
of this synthesis process (schematically represented in Figure
1a) should be kept in mind. In brief, the green TiC ceramic
membranes were obtained by phase inversion tape-casting;
then, they were cut into customized small pieces and sintered
at high temperature. Finally, the 1T-2H MoS, layer was grown
on the TiC grains through the hydrothermal method.

The microstructure of the cross section of the green TiC
ceramic membrane is shown in Figure 1b. A typical asymmetric
structure is observed, which consists of a finger-like void region
on the upper surface and a sponge-like region on the bottom
surface. Small changes in the asymmetric structure occurred
after sintering at 1600 °C (Figure 1c). Finger-like voids with a
diameter of about 10—40 ym are perpendicular to the surface
and cover ~90% of the entire cross-sectional area of the
membrane, while the sponge-like region occupies ~10%.

The top view of the surface of the finger-like voids (Figure
1d) reveals many large open pores. In the microstructure of the
walls of the finger-like voids (Figure le), small pores with a
diameter of several micrometers are observed. This micro-
structure is similar to that in the sponge-like region. The high
porosity and the hierarchical pore structure favor the
penetration of the electrolyte toward the internal space,
provide a large area for the growth of the MoS, catalyst, and
facilitate the escape of the produced gas from the inside layer
to the environment. The conductivity was verified by a four-
point probe method. Indeed, a small resistance of 0.23 mQsq ™"
was measured, which is ascribed to the good crystallization of
TiC grains and the tight bonding of TiC grains with one
another (Figure le).

The microstructure of the cross section for the TCMS 4
produced after the hydrothermal process is illustrated in Figure
2a,b. The microstructure of the TCMS 1, 2, 3, and S is
depicted in Figure S2. It is observed that nano-MoS, sheets
were homogeneously grown directly on the TiC grains. With
the increase of the amount of thiourea, the density of the
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Figure 1. (a) Schematic representation of the synthesis of the TiC@
MoS, self-supported electrodes and the microstructure of the TiC
ceramic membrane (b) before and (c) after calcinations, (d) top view
of the sintered membrane at the point marked with I in 1c, and (e)
observation at high magnification in the region marked with II in 1c.

Figure 2. Microstructure (observed by SEM) of TCMS 4 at (a) low
and (b) high magnification (b is the magnification of the marked area
in a), HRTEM images of TCMS 4 (c) of the interface between MoS,
nanosheet and TiC grain, and of a MoS, nanosheet at (d) low and (e)
high magnification, (f) structural configuration of 2H and 1T MoS, at
the c-axis view, and (g—1) EDS elemental mapping of TCMS 4.

nanosheets increases, and the petal-shaped MoS, nanosheets
are evolved into hydrangea-shaped MoS, nanosheets. The
edges of the MoS, nanosheets provide highly catalytic-active
sites for HER, as will be discussed later.

A characteristic high-resolution transmission electron
microscopy (HRTEM) image of the TiC-MoS, interface for
the TCMS 4 is shown in Figure 2c. This image suggests a tight

https://doi.org/10.1021/acs.chemmater.1c01965
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Figure 3. (a) Raman and (b) XPS spectrum of TCMS 4 and analysis of the XPS spectra at (c) Mo 3d and (d) the S 2p peak regions. 289 X 202

mm.

bonding between the 1T-2H MoS, nanosheets and the TiC
grains, which favors electron transfer between the catalyst of
MoS, and the TiC skeleton. The crystalline space of 0.25 nm is
indexed to the (111) plane of TiC. The layer distance of 0.64
nm is slightly larger than the 0.62 nm of the MoS, crystal,
suggesting an expansion of the interlayer due to the strong
interactions between TiC and MoS,>* MoS, belongs to the
layered transition-metal dichalcogenides, which is a type of 2D
materials composed of S—Mo—S layers, where Mo is the
transition metal and S is a chalcogen, with the stoichiometry of
MoS,. The structure is held by strong intralayer covalent bonds
and weak interlayer van der Waals interactions, which results in
an expanded interlayer distance.”>*® This lattice expansion
should result in more available basal sites and, therefore, it
should improve the catalytic activity.”’

The HRTEM image of a 1T-2H MoS, nanosheet, presented
in Figure 2d, suggests that the nanosheet is a polycrystal. In the
magnified image of one crystal plane shown in Figure 2e, two
distinct kinds of lattice exist in a plane, which can be identified
as the 1T phase and the 2H phase of MoS,, whose structural
configurations are illustrated in Figure 2£3%5% 1 T-MoS,
(Figure 2e) displays a hexagonal lattice structure, where the
purple dots indicate the Mo atoms, and each Mo atom is at an
equal distance from the six surrounding Mo atoms. 2H-MoS,
(Figure 2e) exhibits a honeycomb lattice structure, where the
purple dots represent the Mo atoms. Each hexagonal ring
comprises three Mo atoms and three S atoms, and each Mo
atom is at an equal distance from the three surrounding Mo
atoms. The 1T phase reduces the charge transfer resistance and
provides additional catalytic-active sites for HER.** According
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to the EDS elemental mapping for the elements of Ti, C, Mo,
S, and O (Figure 2g—1), MoS, was uniformly distributed. In
the layered MoS, nanosheets, the bond length between the Mo
and S atoms (calculated as 2.42 A) is shorter than the distance
between the S atoms (calculated as 3.13 A),*' while the S—
Mo—S bond angle is the same as that for the structure with the
covalent bond. Note that the bond between adjacent S atoms
is weak. Consequently, cleavage surfaces with low surface
energy occur easily, resulting in high hydrophilicity.**

The Raman spectra confirm the coexistence of 1T and 2H
MoS, (Figure 3a). More specifically, the two main Raman
bands at 378 and 403 cm™' are attributed to in-plane ElZg
mode and out-of-plane A;; modes, respectively, which are
characteristic signals of 2H-MoS,. The A;, modes are
associated with out-of-plane vibration of the sulfur atoms in
the opposite direction, while the Elzg mode is linked to the in-
plane displacement owing to the shear force applied between
Mo and S atoms. Meanwhile, the peak at 450 cm™ is ascribed
to the longitudinal acoustic phonon mode of 2H-MoS,, and
the E,, band at 283 cm™' is related to the octahedral
coordination of Mo in 1T MoS,* The three signals at 148,
221, and 335 cm™! correspond to J;, J,, and Js, respectively,
and they are related to the phonon modes of 1T-MoS,. These
results support the coexistence of 1T and 2H phases in the
TCMS electrode. It is noteworthy that the high edge-exposed
degree of the 1T MoS, phase is beneficial for the HER
process.”*

In the X-ray diffractograms of the TiC membrane and
TCMS 4 (presented in Figure S3), only the diffraction patterns
of TiC (JCPDS 32-1383) can be detected. There is no
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Figure 4. (a) Linear sweep voltammetry (LSV) curves (scan rate 1 mV-s™") of TiC, TCMS 1/2/3/4/5, and commercial Pt/C electrodes in HER in
0.5 M H,S0,, (b) Tafel plots derived from the LSV curves for HER, (c) linear fitting of the capacity current density at various scan rates for TiC
and TCMS electrodes, (d) Nyquist plots for TiC and TCMS electrodes at an overpotential of —31S mV (with respect to the RHE), (e)
chronoamperometry profile of TCMS 4 at the overpotential of —150 mV for 24 h, and (f) LSV curves of the fresh (as prepared) TCMS 4 electrode
and after 5000 cycles of CV testing.

evidence of the MoS, crystal, which can be attributed to its low oxidation has reached a stable state after S days. The influence
amount and the severe lattice distortion (Figure S3). The of aging on the catalytic performance is discussed later.
addition of SiC aimed at removing the low amount of TiO, The four peaks at 232.2, 228.9, 233.0, and 229.7 eV
existing on the surface of TiC and the Y,Oj; sintering additive, correspond to Mo*" 3d;,, and 3ds/, of 1T phases and Mo*"
according to the following chemical equations:*’ 3d;), and 3d;, of 2H phases, respectively. The peaks of the 1T
. . . . phase exhibit an obvious negative shift of approximately 0.8
TiO, + 3 SiC —~ TiC + 3 Si(g) +2 CO(g) eV, in comparison with the corresponding peaks of the 2H
. . phase. Based on the ratio of the areas of the peaks in Figure 3¢
Si(g) + %,05 — SiO(g) +2YO(g) and Figure S4, the 1T content in TCMS 1/2/3/4/S is 47.2,
SiC + 2Y,0, — SiO(g) + CO(g) + 4 YO(g) 47.8, 58.9, 66.5, ar}d 55.61‘%, respectively, that is, the highest
content in 1T, which efficiently promotes the charge transfer
The remaining Si should exist in the form of the amorphous during the HER process,”’ ' was achieved in TCMS 4. The
phase, which cannot be detected by XRD analysis. calculation of the abovementioned contents is presented in the
The chemical features of the elements were investigated Supporting Information.
through XPS. The peaks in the XPS spectrum (Figure 3b) In the S 2p region of TCMS 1/2/3/4/S (Figure 3d and

show that TCMS 4 is composed of the elements of Ti, C, Mo, Figure S6a—d), additional peaks of the 1T phase at 162.9 and
S, O, N, and Si, where N is attributed to the sintering 161.9 eV are observed, besides the known doublet peaks of $*~
atmosphere. There are six deconvoluted Mo 3d peaks in the 2p1, and 2p3;, of the 2H phase, which occur at 164.4 and

high-resolution XPS spectrum (Figure 3c and Figure S4a—d). 163.4 eV, respectively. This further confirms the coexistence of
The peaks at 233.1 and 236.2 €V are related to Mo®" from the 1T and 2H phases.
oxidation in air (MoQs;). The surface oxidation is inevitable The features of the texture of TCMS 4 were determined by
and cannot be neglected for nonoxide crystals.* The surface the BET method. From the results of the adsorption and
oxidation was further studied through XPS analyses on fresh desorption curves and the pore size distribution (Figure S7),
(as-prepared) TCMS 4 and TCMS 4 that was aged in a drying the specific surface area was calculated as 17.5 m* g~', the
cabinet for various periods of time. As shown in Figure SS, the specific volume as 0.0928 cm’g™!, and the mean pore size as
MoO; content increases with the increase of aging time and 21.2 nm. Furthermore, a type II isotherm with a hysteresis loo<p
remains stable after S days, suggesting that the surface was observed, which is characteristic of the nanostructure.”
6221 https://doi.org/10.1021/acs.chemmater.1c01965
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2H-MoS,, (d) 2H-MoS,/TiC, and (e) 1T-MoS,/TiC and (f) corresponding Gibbs free energy for HER. The green, yellow, gray, white, and red

spheres refer to Mo, S, Ti, C, and H, respectively.

The combination of the interconnected finger-like structure
with the nanostructure of MoS, greatly facilitates the
accessibility to the abundant catalytic sites of the hydrangea-
shaped orbicular MoS,, as well as the release of the bubbles,
the infiltration of the electrolyte, and the charge transfer
needed for efficient HER."’

3.2. Electrocatalytic Performance. The electrocatalytic
performance of TCMS was evaluated by electrochemical
measurements performed in acidic conditions (0.5 M H,SO,)
using a conventional three-electrode setup. The as-prepared
TCMS was used directly as a working electrode for HER, and
its electrocatalytic activity was evaluated by LSV measurements
with the aid of a commercial purchased Pt/C (20%) wire and a
TiC electrode for comparison purposes.

According to Figure 4a, Pt/C is an excellent catalyst with an
ultrasmall overpotential, whereas the HER performance of the
pure TiC substrate is very poor. All the TCMS samples
displayed good electrocatalytic performance, ascribed to the
good compatibility of the hybrid 1T-2H MoS, with the
conductive TiC skeleton. A higher Mo/S ratio results in a
lower density for the aligned MoS, nanosheets on the surface
of the TiC skeleton. This means that fewer active edges of
MoS, are obtained. However, if the Mo/S$ ratio is too low, then
excess MoS, clusters will reunite together and cover the
exposed active edges.

TCMS 4 demonstrates outstanding activity toward the HER,
and small overpotentials of =127 and —160 mV were observed
in order to reach current densities of —10 and —50 mA-cm ™2,
respectively. As far as the original conductive skeleton of the
TiC membrane is concerned, current densities of —10 and —50
mA-cm™* were not achieved until overpotentials of —266 and
—330 mV, respectively, were observed. It was found that
TCMS 4 greatly surpasses its powdery counterpart (1T-2H
MoS,).* To achieve a current density of —10 mA-cm™, a
powdery 1T-2H MoS, catalyst loaded on a glassy carbon
electrode requires an overpotential of —220 mV, which is
almost 100 mV bigger than that for TCMS 4.

The surface oxidation significantly influences the HER
performance. As shown in Figure S8, fresh TCMS 4 exhibits an
overpotential of —81 mV at —10 mA-cm ™2 After aging for 3, S,
and 10 days, the overpotential decreases to —93, —127, and

6222

—127 mV, respectively. Although the fresh TCMS 4 exhibits
the best performance, it decays quickly and becomes finally
worse than the sample which was aged for S days. This is in
good agreement with the oxygen content, suggesting that the
formation of the MoOj surface layer might decrease HER
performance, but can stabilize the electrode. Accordingly, in
order to achieve a stable HER performance, all the electrodes
were aged for a period of time before performing the test.
HER is a multistep electrochemical process occurring on the
cathode that produces hydrogen. The general reaction
mechanism in acid is summarized by the following reactions:

(a) Volmer step:

H* + TCMS + e~ —» TCMSH,,

(b) Heyrovsky step:

TCMSH,4, + H" + ¢e” - TCMS + H,

(c) Tafel step:
JTCMSH,, — 2TCMS + H,

where TCMSH, 4 represents the state that a hydrogen atom is
chemically adsorbed on an active site of the catalyst (TCMS).
More specifically, the first step, called the Volmer step,
corresponds to the adsorption of H by coupling one proton
from the acid electrolyte with one electron from TCMS. In the
second step, the adsorbed H atom is combined with another
proton accompanied by an electron to form a hydrogen
molecule, and this is called the Heyrovsky step, or with another
adjacent adsorbed H atom, and this is called Tafel step,
whereby a hydrogen molecule is formed as well.*

The value of the Tafel slope allows for the determination of
the rate-controlling step.”” Tafel slopes (Figure 4b) were
determined as 38, 117, 48, 43, 42, 41, and 43 mV-dec™! for Pt/
C, TiC, and TCMS 1/2/3/4/S, respectively. Generally, a small
Tafel slope corresponds to a greater catalytic current density at
a lower overpotential, which leads to faster chemical reaction
kinetics. All TCMS electrodes exhibit a low Tafel slope close to
that of Pt/C, suggesting fast reaction kinetics. TCMS 4
demonstrates the smallest Tafel slope, which is attributed to its
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higher 1T content (the highest of the others). It is also
suggested that the HER on TCMS takes place through the
Volmer—Heyrovsky process.

In order to cast light on the origin of the superior activity of
TCMS electrodes, the electrochemical double-layer capacity
(Cy) that reflects the electrochemically active surface area was
measured. The results of the tests, carried out by scanning the
voltage ranging from 0.483 to 0.512 V (with respect to RHE)
at a rate of 1—5 mV-s™!, are shown in Figure 4c and Figure
S9a—f. TCMS 4 has an extremely high electrochemical activity
area of 1079.4 mF-cm™ The markedly high density of the
catalytic active sites is attributed to the high density of the
MoS, nanosheets and to the high 1T content.

The results from the electrochemical impedance spectros-
copy manifest that the Nyquist plot of TCMS 4 (13.4 Q) has
the smallest semicircle among all the investigated electrodes
(Figure 4d). This features its low charge transfer impedance,
which is consistent with the higher intrinsic conductivity of
1T-MoS,, ascribed to the higher proportion of 1T-2H.

The stability of the electrodes during HER was also
investigated. According to Figure 4e, long-term controlled
potential electrolysis of HER at —150 mV overpotential,
carried out with iR compensation, showed that TCMS 4
delivers almost constant current density under a stationary
overpotential. In addition, the LSV curve (Figure 4f), recorded
after 5000 cycles of CV testing, is a good match to that of the
fresh sample. A small decrease of only 4% was recorded after
24 h. Figure S10 presents a scanning electron microscopy
image of MoS, layer on TCMS 4 after 5000 cycles of CV
testing, and Figure S1la—f shows the results of transmission
electron microscopy-EDS analysis of TCMS 4. It is clearly seen
that the original morphology and the homogeneous elemental
distribution were perfectly maintained. These results indicate
the excellent electrochemical stability of TCMS 4.

It is well known that a low value of IAGyl reflects a high
catalytic activity.”* Hence, in order to throw light on the
excellent HER performance of the TCMS, the free energy of H
adsorption (AGy) on various surfaces was evaluated by first-
principles DFT calculations. The models for hydrogen
adsorption on TiC, 2H-MoS,, 1T-MoS,, 2H-MoS,/TiC, and
1 T-MoS,/TiC are depicted in Figure Sa—e, respectively. 1T-
MoS, has an extremely low |AGyl value of 0.281 eV; yet, its
synthesis is difficult, which restricts its large-scale production.
According to Figure 5f, hydrogen can easily be adsorbed on the
S site of 2H-MoS,/TiC or of 1T-MoS,/TiC. The value of
[AGyl is 0.116 eV for the combination of 1T-MoS, with TiC
and 0.525 eV for that of 2H-MoS, with TiC, which are
significantly lower than those of TiC (0.849 eV) and 2H-MoS,
(1.153 eV) (Figure Sf). Consequently, 1T-MoS,/TiC is
revealed to be the TCMS with the most active centers needed
for HER.

In light of the abovementioned good results, we explored the
advanced practical use of TCMS electrodes for hydrogen
generation using an acidic electrolyte (0.5 M H,SO,). A high
FE of 99.7% was achieved (Figure 6). Moreover, the
experimentally determined amount of hydrogen was a good
match with the theoretically calculated values (Figure 6).

The synergistic effect of the tight bonding between TiC and
MoS, on the superior electrocatalytic activity was further
studied with the aid of first-principles DFT calculations, as
shown in Figure 7. Both 1T-MoS, with TiC and 2H-MoS,
with TiC have higher densities of states near the Fermi level,
compared with 1T and 2H MoS, alone. This suggests that the
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Figure 7. Density of states (DOS) calculated for 1T-MoS,/TiC, 2H-
MoS,/TiC, 1T-MoS,, 2H-MoS,, and TiC.

TCMS catalytic electrode has fast charge transfer and good
catalytic performance.

A comparison between the results of HER performance of
TCMS 4 produced in the present study and other MoS,-
containing catalysts synthesized on various substrates reported
in literature is comprehensively presented in Table S1. As
previously mentioned, the substrates which were employed to
support powder catalysts are generally poorly conductive and
catalytically inert, providing low current density. The use of
binders may block the active sites and suppress rapid electron
transfer. TCMS 4 exhibits superior electrocatalytic activity and
good long-term stability, attributed to the synergistic effect of
the tight bonding and the crystal matching between TiC and
MoS,, to the unique dual pore structure, the abundant exposed
active sites in MoS, nanosheets, and the high 1T-MoS,
content. Compared to other electrodes, the TCMS electrodes
produced in the present study also possess high mechanical
strength due to the intrinsic mechanical properties of TiC and
resistance to erosion in acidic conditions. Additionally, they
were produced by an easy and reliable synthesis method, which
(i.e., the synthesis method), therefore, reveals high potential
for fabrication of these electrodes on a large scale in order to
promote the industrial production of hydrogen.
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4. CONCLUSIONS

A self-supported HER electrode, which consists of vertically
aligned nanosheets of 1T-2H MoS, on the TiC porous-ceramic
membrane, was successfully produced through a combined
phase inversion tape-casting and sintering method, followed by
an easy hydrothermal routine. The hydrangea-shaped MoS,
provides numerous active sites, and the porous conductive
skeleton allows for sufficient accessibility to active sites and
efficient charge transfer. DFT calculations showed that the
combination of 1T-2H MoS, with TiC leads to small hydrogen
adsorption energy, in other words, to a remarkable activity of
HER. An outstanding performance, with a small overpotential
of =127 mV (—10 mA-cm™2), a favorable Tafel slope of 41
mV-dec™!, and an excellent electrochemical stability, was
recorded, which is better than that reported in other studies on
similar MoS,-based catalysts in literature. A high FE of 99.7%
was also determined. The results suggest that this synthesis
protocol can be further extended to produce various catalytic
electrodes with various electrocatalytic properties. It can also
be extremely useful in the industry of hydrogen production as
well as in other catalytic processes.
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