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ABSTRACT

Renewable energy powered electrocatalytic water splitting is a promising strategy for hydrogen generation, and the design and
development of high-efficiency and earth-abundant electrocatalysts for hydrogen evolution reaction (HER) are highly desirable.
Herein, MoS, nanoflowers decorated two-dimensional carbonitride-based MXene Ti;CN(OH), hybrids have been constructed by
etching and post-hydrothermal methods. The electrochemical performance of the as-obtained Ti;CN(OH),@MoS, hybrids having
a quasi core—shell structure is fascinating: An overpotential of 120 mV and a Tafel slope of 64 mV-dec™ can be delivered at a
current density of 10 mA-cm™. And after 3,000 cyclic voltammetry cycles, it can be seen that there is no apparent attenuation.
Both the experimental results and density functional theory (DFT) calculations indicate that the synergetic effects between
TisCN(OH), and MoS, are responsible for the robust electrochemical HER performance. The electrons of —OH group in
Ti;CN(OH), are transferred to MoS,, making the adsorption energy of the composite for H almost vanish. The metallic
Ti;CN(OH), is also beneficial to the fast charge transfer kinetics. The construction of MXene-based hybrids with optimal
electronic structure and unique morphology tailored to the applications can be further used in other promising energy storage and

conversion devices.
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1 Introduction

Being a clean secondary energy carrier, hydrogen has the
characteristics of, for example, high energy density (3, 3.9, and
45 times of gasoline, alcohol, and coke, respectively) and zero
carbon emission (only water). It is widely used in hydrogen fuel
cells and a variety of green chemical processes, and is becoming
the “future star” of global clean energy [1-3]. Being a facile and
environmental-friendly process [4], the hydrogen evolution
reaction (HER) through electrolytic water splitting by renewable
energy is in the ascendant. However, due to the sluggish kinetic
process of HER, the electrocatalytic reaction has a high
overpotential, resulting in inadequate energy efficiency for HER
[5], and only 3.9% of the world’s hydrogen demand is satisfied by
electrolysis. Hence, it is imperative to seek a system for efficient
electrocatalytic HER. During these HER systems, the design and
construction of the catalyst is one of the most critical factors.

To date, Pt-based materials are widely regarded as the most
suitable and efficient electrocatalysts for HER [1,4]. Their high
cost and poor durability, however, suggest that developing non-
noble metal-based electrocatalysts having excellent electrochemical
performance is necessary [6-10]. Among numerous candidates,
two-dimensional (2D) transition metal carbides, nitrides, and

carbonitrides (MXene) have attracted the attention of researchers
considering their good electrical conductivity, high carrier
mobility, fascinating structure, and excellent hydrophilicity
[11-15]. Generally, the chemical formula of MXene is M,,,; X, T,
where M, X, and T represent an early transition metal, carbon
or/and nitrogen, and surface termination, respectively [16,17].
What's more, the selective etching of the A layer off the MAX
phase [18] yields abundant surface functional terminations such as
-Cl, -F, -OH, and -O-. Specifically, theoretical calculations and
experimental observations all suggest that the -OH terminations
on the basal planes of MXene exhibit considerable HER properties
[19]. However, due to the oxophilic feature of metal in air and/or
water [20], MXenes are easily transferred to metal oxides.
Therefore, the electrochemical performance of hybridizing MXene
with active armor can be further improved by modulating the
Gibbs free energy for hydrogen adsorption (AGy*) [21, 22]. It was
reported recently that the electrocatalytic HER performance of
composites can be significantly improved by combining metal
nanoparticles [23], transition metal nitrides [24], chalcogenides
[25,26], phosphide [27,28], carbide [29], hydroxides [30], and
oxides [31,32] on the surface of MXenes to form hybrids.
Especially, due to its unique structure properties and instinct
activity toward HER in diverse pH, MoS, has been widely
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investigated as a newly developed 2D material. For example, Liu et
al. fabricated a MoS,/Ti;C,T, heterostructure on Ni foam for HER
[33], where the overpotential is 209 mV at 10 mA-cm?ina 1 M
KOH, lower than that of Ti;C,T, or MoS, electrode. If 0.5 M
H,SO, is used as the acidic electrolyte, the optimized ultrafine
Ti;,C,T, MXene nanosheets electrode, decorated by MosS,
quantum dot (QD), requires only ca. 280 mV overpotential to
reach a benchmark HER at 10 mA-cm™, notably superior to both
pristine MoS, QDs and Ti;C,T, electrodes. The synergetic
coupling effects and remarkable structural features of MoS, QDs-
Ti;C,T, are responsible for the promising HER activity [34].
Although some progress has been made, hybridizing OH-
terminated carbonitride-based MXene with MoS, to boost HER
performance is still more challenging.

In this work, quasi core-shell structural carbonitride-based
MXene Ti;CN(OH),@MoS, hybrids are prepared by in situ
etching coupled with post hydrothermal synthesis. Benefiting
from fast charge transfer kinetics, regulated electronic structure,
strong interactions, and synergistic effect between them, the as-
obtained quasi core-shell structural Ti;CN(OH),@MoS, hybrids
exhibit an optimal AGy*, which boosts HER activity with a low
overpotential of 120 mV at a current density of 10 mA-cm™ in
0.5 M H,SO,. Furthermore, the electrochemical activity of the
quasi core-shell structural Ti;CN(OH),@MoS, is essentially
unchanged after 3,000 cyclic voltammetry (CV) cycles, suggesting
the excellent long-term durability. Moreover, the electronic micro-
structure and enhanced HER mechanism of the quasi core-shell
structural Ti;CN(OH),@MoS, hybrids have been also investigated
by density functional theory (DFT) calculations, including the
charge density difference (CDD) spectra, the electron localization
function (ELF) mapping, and the density of states (DOS) analysis.
These describe vividly the transfer of interface charges from
Ti;CN(OH), nanosheets to MoS, nanoflowers, and the presence
of an asymmetric electronic localization deflection of
surface/interface atoms. We verified vigorously from both
experimental and theoretical aspects that the MXene-based
hybrids can be employed as highly efficient HER catalysts.

2 Experimental section

2.1 Synthesis of Ti;CN(OH),

20 mL of 9 M HCI was first prepared and placed in a teflon bottle.
1.6 g of LiF was then weighed and dissolved inside. After the two
reagents were evenly mixed, 1 g of Ti;AICN was introduced, and
the aluminum layer in Ti;AICN was removed by etching for 48 h.
The suspension obtained was centrifuged at 3,500 rpm for 1 min,
and 2 M HCI was then introduced to wash off unreacted LiF.
Adding deionized water, centrifugation, and washing were
repeated until the pH of the supernatant reached 7. After
ultrasonic exfoliation for 30 min, the precipitate was vacuum-
dried at 60 °C to obtain Ti;CNT,. The as-obtained powder was
placed in an excess of 10 wt.% KOH solution, and stirred at 25 °C
for 4 h to replace the -F end group with —OH groups. The
resulting suspension was placed in a centrifuge tube and
centrifuged at 3,500 rpm. Ultrapure water was introduced for
washing and centrifuged 5 times until the pH of the supernatant
was 7. It was then dried to obtain Ti;CN(OH), powder.

2.2 Synthesis of Ti;CN(OH),@MoS,

0.8 g of thiourea and 0.5 g of ammonium molybdate tetrahydrate
were first dissolved in 60 mL of deionized water, followed by
slowly introducing a certain amount of Ti;CN(OH),-MXene. The
resulting solution was sonicated to make it homogeneous, which
was then transferred to a 100 mL high-pressure reaction kettle.
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The reaction was conducted at 180 °C for 12 h, and after cooled to
25 °C, the product was filtered and rinsed with deionized water
three times. Finally, the sample was vacuum dried at 60 °C. The
influences of sulfur source, hydrothermal time, temperature, and
type of terminal functional groups were studied.

2.3 Electrochemical measurements

4 mg of catalyst was dispersed in 1 mL of 0.1% Nafion solution
and sonicated for 60 min to form a homogeneous solution. Then,
20 uL of the solution obtained was dripped onto a clean glassy
carbon electrode (@ = 5 mm), which was the working electrode
after drying. The mass loading was about 0.408 mg-cm™ All the
electrochemical measurements were made in 0.5 M H,SO, by a
three-electrode  system wusing CHI 760E electrochemical
workstation. Ag/AgCl and graphite rod served as reference
electrode and counter electrode, respectively. The linear sweep
voltammetry (LSV) curves of as-prepared samples were recorded
at a scan rate of 5 mV-s™. The double-layer capacitance (Cy) was
evaluated by CV at a scan rate ranging from 10 to 120 mV-s™ at a
potential ranging from 0.4 to 0.5 V vs. reversible hydrogen
electrode (RHE). Electrochemical impedance spectroscopy (EIS)
was measured at a frequency ranging from 10 to 1 MHz with
5 mV amplitude to estimate the interface charge transfer. The
stability of the catalyst was evaluated by a continuous CV cycle
and chronoamperometry method. The potentials in all
measurements were converted to standard RHE by Eq. (1), 90% iR
compensation was made for all electrochemical measurements

Eriie = Eng/ager +0.059 X pH+ E (1)

24 Theoretical calculations

The DFT calculations were conducted by Vienna ab initio package
(VASP). Structural optimization, electronic structure, and AGy*
regarding MoS,, Ti;CN(OH),, and Ti;CN(OH),@MoS, hybrids
were all investigated via DFT calculations. The details are
described in the Electronic Supplementary Material (ESM).

3 Results and discussion

In brief, free-standing Ti;CNT, nanosheets are obtained by
selective etching of Al in Ti;AIC, phase in LiF and HCl mixed
solution and post exfoliation treatment by bath sonicated for 48 h.
Then, Ti;CN(OH), nanosheets are formed by alkaline treatment
in 10 wt.% KOH. Finally, flower-like MoS, uniformly grows on
the Ti;CN(OH), surface through the hydrothermal method
(Fig. 1).

Both the morphology and the elemental distribution of
Ti;CN(OH),@MoS, hybrids are characterized by scanning
electron microscopy (SEM). As shown in Fig. 2(a), pristine MoS,
displays unique flower-like structure having a diameter of about
150 nm. Typically, the nanoflower-like structure has abundant
folds and appropriate cavities, making pristine MoS, conducive in
an electrolyte solution thereby improving its electrocatalytic
performance. Figure 2(b) shows representative free-standing
Ti;CN(OH), nanosheets. It is clear that sonication can well
exfoliate the bulk MXene materials into nanosheet-like structures.
In general, the 2D metallic MXene can significantly facilitate the
charge transfer during electrocatalytic reactions. Figure 2(c)
illustrates an SEM image of Ti;CN(OH),@MoS, hybrids. As seen,
MoS, nanoflowers are homogeneously and tightly attached to
Ti;CN(OH), nanosheet to form quasi core-shell structure of
Ti;CN(OH),@MoS, hybrids. The element mapping images of
Ti;CN(OH),@MoS, hybrids suggest that Ti, C, N, O, Mo, and S
elements are co-existence and homogeneously distributed over its
entire structure (Fig.2(d)). The morphology and structure of
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Figure1 Schematic illustration of the fabrication procedure of Ti;CN(OH),@MoS, hybrids.

Figure2 SEM images of (a) MoS, nanoflowers, (b) Ti;CN(OH), nanosheets, and (c) Ti; CN(OH),@MoS, hybrids. (d

Ti;CN(OH),@MoS, hybrids are further characterized by high-
resolution transmission electron microscopy (HRTEM). Figure S1
in the ESM illustrates the typical 2D nanosheets and the layers of
MoS, stacking together along the c-axis.

The transformation of Ti;AICN to Ti;CNT, MXene can be
confirmed by X-ray diffraction (XRD) (Fig.3(a)), where the
disappearance of the (104) diffraction peak of Ti;AICN MAX at 20
= 39° is attributed to the etch of the Al layer [35, 36]. The peak of
Ti;CN(OH), at 20 = 6° reveals that the layer spacing of MXene
increases significantly [37,38]. The XRD patterns show no
changes in the crystal structure of Ti;CNT, and Ti;CN(OH),,
indicating that their structures are not affected by different
terminal groups (-F and ~OH). Moreover, there are still two less
prominent diffraction peaks at 32°-27° and 57.4°, corresponding
to the (100) + (101) and (110) crystal planes of MoS,, respectively.
These diffraction peaks are broad and weak, indicating that MoS,
has a poor crystallinity rather than an amorphous structure
[39,40]. However, in the case of constructive interference from
the aligned crystal planes, the relevant diffraction peak at 14.4°
disappears, indicating a significantly reduced aggregation of the
resulting MoS, nanosheets along the c-axis. The Raman spectra of
Ti;,CN(OH),, MoS,, and Ti;CN(OH),@MoS, were also recorded
(Fig. S2 in the ESM). The Ti;,CN(OH), MXene signals appear at
402, 512, and 628 cm™. The Raman spectrum of MoS, displays
these characteristic peaks related to J, and J; longitudinal acoustic
phonon modes around 237 and 337 cm’, confirming the 1T
phase of MoS,. A small peak at 377 cm™ corresponding to the E,'
of the 2H-phase of MoS, indicates that MoS, mainly exists in the
form of 1T-MoS,. Furthermore, the presence of the E,, Raman
peaks at 282 cm™ suggests the octahedral coordination of Mo in
1T-MoS, [41,42]. Interestingly, distinct characteristic signals of
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MoS, and weak signals of Ti;CN(OH), can be seen in the hybrids,
indicating the formation of quasi core-shell Ti;CN(OH),@MoS,
hybrids. The TEM images and Raman spectra of the
nanocomposite verify the structure of the unique quasi core-shell
Ti,CN(OH),@MoS$, hybrids.

Both the surface chemical composition and the chemical states
of as-obtained materials are illuminated through X-ray
photoelectron spectroscopy (XPS) analysis. The Mo 3d fine-scan
spectra of MoS, and Ti;CN(OH),@MosS, hybrids (Fig. 3(c)) have
two main peaks at 228.3 and 231.6 eV, which are assigned to the
Mo 3ds;, and Mo 3d;;, of Mo-S bonds, respectively. It is worth
noting that the binding energies of the Mo 3d;, and Mo 3d,,
peaks of Ti;CN(OH),@MoS, hybrids shifted negatively compared
to those of pristine MoS,, convincingly suggesting the strong
electronic interaction between MoS, and Ti;CN(OH), nanosheets.
The other peaks with binding energies at 229.1 and 232.8 eV
correspond to Mo 3ds;, and Mo 3d;, of Mo-O bonds,
respectively. The higher spin-orbit splitting doublets with peaks of
235.4 and 235.9 eV are related to the Mo* species [42,43]. In
addition, the characteristic peak located at 225.6 eV belongs to S 2s
[44]. The binding energies at 161.4 and 162.4 eV (Fig. 3(d)) are
attributed to the S 2ps;, and 2p,,, orbitals of S, respectively, and
the peaks at 163.0 and 164.1 eV to the presence of bridging S,” or
apical S, resulting from the unsaturated S atoms in low
crystallinity MoS, [43]. The peaks with high binding energies of
168.1 and 169.2 eV for MoS, arise from unavoidable oxidation
[45]. In the case of Ti;CN(OH),@MoS, hybrids, the new C-S-C
peaks at 163.1 and 164.0 eV appeared except for the S 2p peaks,
further illustrating the interaction between MoS, and Ti;CN(OH),
nanosheets [42,46]. Intuitively, this indicates the transfer of
electrons from Ti;CN(OH), to MoS, at the Ti;CN(OH),@MoS,
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Figure3 (a) XRD patterns of the MAX phase of TiLAICN, Ti;CNCL, Ti;CN(OH),, MoS,, and Ti;CN(OH),@MoS, hybrids. (b) Survey XPS spectrum of
Ti,CN(OH),@MoS, hybrids. High-resolution spectra of (c) Mo 3d, (d) S 2p, (e) Ti 2p, and (f) C 1s, before and after hybridization.

hybrids interface. The Ti 2p spectra demonstrated in Fig. 3(e) have
four primary peaks at 4587, 459.1, 4642, and 465.0 eV,
corresponding to Ti-C 2p,p,, Ti-O 2p,,, Ti-C 2p;),, and Ti-O
2p,;, bonds, respectively. Due to the transfer of electrons from
Ti;,CN(OH), to MoS,, the binding energy of Ti 2p peaks of
Ti;CN(OH),@MoS, hybrids shifted to a higher value compared to
the case of Ti;CN(OH), [36, 38]. These characterization results of
Ti;CN(OH),@MoS, hybrids fully illustrate the formation of a
quasi core-shell structure and the interaction between them.

The CDD is also investigated to explore the charge transfer and
distribution at the interface of Ti;CN(OH), nanosheets and MoS,
nanoflowers. The yellow regions around S atoms in Fig. 4(a) and
Fig.S3 in the ESM indicate charge accumulation, and the blue
regions near O atoms indicate charge depletion. These suggest that
the electrons of the O of Ti;CN(OH), nanosheets transferred to
the S of MoS, nanoflowers through the interface of quasi
core-shell structural Ti;CN(OH),@MoS, hybrids. To investigate
the degree of electron localization, we plot the ELF pattern of quasi

Ti,CN(OH), @MoS,

l MosS,

WCN(OE)I

T T T T T

—4 -2 0 2
Energy (eV)

(a.u.)

Figure4 (a) CDD image of the most stable configuration of Ti;CN(OH),@MoS, hybrids, in which blue and yellow regions represent electron depletion and
accumulation, respectively. (b) ELF pattern of Ti; CN(OH),@MoS, hybrids. (c) DOS curves for Ti;CN(OH), nanosheets, MoS, nanoflowers, and Ti;CN(OH),@MoS,

hybrids, respectively.
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core-shell structural Ti;CN(OH),@MoS, hybrids in Fig. 4(b). As
seen, the electron distributions of S and O at the interface are
asymmetric, suggesting the presence of chemical bonding between
Ti;CN(OH), nanosheets and MoS, nanoflowers at the interface.
Compared with the vacuum layer, the O atom around the
interface has a lower degree of electron localization, and also
verifies the transfer of the electron of O to S. Furthermore, the
interaction between Ti;CN(OH), nanosheets and MoS,
nanoflowers is studied by calculating the DOS of Ti;CN(OH),,
MoS,, and Ti;CN(OH),@MoS, hybrids. As shown in Fig. 4(c),
several peaks are present in the DOS plots of Ti;CN(OH), and
MoS,, indicating their electrons are localized. In contrast, the DOS
plot of Ti;CN(OH),MoS, hybrids is evenly distributed after
hybridization for the energy range examined, indicating that
electrons are more favorable to interact with H*. The experimental
and theoretical results presented above verify the presence of
chemical interaction between the -OH group on the surfaces of
Ti;,CN(OH), and the MoS, at the interface. The non-simple
physical combination of the quasi core-shell structural
Ti;CN(OH),@MoS, hybrids with modulated electronic structure
raises its stability and makes it have an excellent charge transfer
kinetics, which is beneficial to boost HER activity [47].

The electrochemical performance of the electrocatalysts
prepared was evaluated by a three-electrode configuration in a
0.5 M H,SO, The potentials mentioned in this work are all
corrected for ohmic potential drop with 90% iR compensation. In
order to optimize the synthesis conditions, Ti;CN(OH),@MoS,

Nano Res. 2023, 16(4): 4656-4663

hybrids having different hydrothermal times are prepared, and
their electrochemical performance is depicted in Figs. S4(a) and
S4(b) in the ESM. Among the electrodes examined, the quasi
core-shell structural Ti;CN(OH),@MoS, hybrids resulting from
12 h hydrothermal time show the optimal HER activity, where the
overpotential is 120 mV when the current density is 10 mA-cm™.
The influence of hydrothermal temperature on electrode
performance was also investigated. As shown in Figs. S4(c) and
$4(d) in the ESM, the optimum temperature is 180 °C. Note that,
a too short reaction time and a low temperature may induce
insufficient coupling between Ti;CN(OH), and MoS,, while a too
long reaction time and a high temperature may result in serious
agglomeration or restacking, lowering directly the HER activity of
the quasi core-shell structural Ti,CN(OH),@MoS, hybrids.

To illustrate the synergistic effect of the quasi core-shell
structural Ti;CN(OH),@MoS, hybrids in HER performance,
pristine Ti;CNT,, Ti;CN(OH), and pure MoS, are used as
references for comparison. LSV curves of Ti;CNT,, Ti;CN(OH),,
MoS,, and Ti;CN(OH),@MoS, hybrids are conducted at a scan
rate of 5 mV-s™, and the results obtained are presented in Fig. 5(a).
Specifically, the quasi core-shell structural Ti;CN(OH),@MoS,
hybrids electrode exhibits a satisfactory HER performance, where
the overpotential is 120 mV at a current density of 10 mA-cm?,
considerably lower than the corresponding values of Ti;CNT,
(> 350 mV), Ti;CN(OH), (201 mV), and MoS, (248 mV).
Furthermore, the ultralow potential is advantageous over most of
the state-of-the-art Mo-based electrocatalysts (Table S1 in the
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Figure5 (a) LSV curves and (b) the corresponding Tafel slopes of Ti;CNT,, Ti;CN(OH),, MoS,, and Ti,CN(OH),@MoS, electrodes. (c) TOF curves and (d) Nyquist
plots of Ti;CNCL, CoS,, and Ti;CNCL@CoS, modified electrodes. (e) The difference in current density (Aj = 1/2(j, — j.)) against scan rate of Ti;CN(OH),, MoS,, and
Ti,CN(OH),@MoS, modified electrodes. (f) LSV curves of TiCNClL,@CoS, modified electrode before and after long-term HER tests. Inset: long-term durability test.
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ESM). To investigate the electrocatalytic kinetics of these as-
obtained catalysts, the Tafel slopes are calculated, and the results
are 64, 316, 97, and 102 mV-dec™ for Ti;CN(OH),@MoS, hybrids,
Ti;CNT,, Ti;CN(OH),, and pure MoS,, respectively (Fig.5(b)).
The smallest Tafel slope of the quasi core-shell structural
Ti;,CN(OH),@MoS, hybrids indicates that the coupling of
Ti;CN(OH), and MosS, is kinetically beneficial for electrocatalytic
HER. The relationship between the Tafel slope and HER suggests
that Volmer-Heyrovsky is the rate-controlling step of the HER
mechanism of the quasi core-shell structural Ti;CN(OH),@MoS,
hybrids.

Turnover frequency (TOF) is another key factor to measure the
intrinsic  electrochemical ~activity used to evaluate HER
performance. Figure 5(c) shows the variation of TOF as a function
of potential for the electrodes studied. The TOF values delivered
by the quasi core-shell structural Ti;CN(OH).@MoS, hybrids
electrode are 0.21, 0.88, and 1.91 at potentials of 100, 200, and
300 mV, respectively. This is much higher than those of single
Ti;,CN(OH), and MoS, electrodes. In the range of voltage
considered, the quasi core-shell structural Ti;CN(OH),@MoS,
hybrids electrode exhibits the largest TOF value, indicating that it
has exceptional HER activity. To further explore the
electrochemical kinetics process, we measured the EIS of
Ti;,CN(OH),, MoS,, and Ti;CN(OH),@MoS, hybrids electrodes.
As seen in Fig.5(d), the resistance of charge transfer can be
represented by the semicircles in the EIS curves. This confirms
that the quasi core-shell structural Ti,CN(OH),@MoS, hybrids
electrode has the smallest charge transfer resistance compared to
Ti;,CN(OH), and MoS,, suggesting the favorable HER kinetic
process occurring at the electrode and electrolyte interface. Based
on Cy, we also evaluate the electrochemical active surface area of
these electrocatalysts, and the results obtained are presented in Fig.
5(e) and Fig. S5 in the ESM. The estimated Cy of the quasi
core-shell structural Ti;CN(OH),@MoS, hybrids is 15.3 mF-cm?,
2.65 and 3.94 times that of Ti;CN(OH), electrode and MoS,
electrode, respectively. These reveal that the exposure of the
available active sites for HER is high after the coupling between
Ti;CN(OH), and MoS,. Another important indicator for assessing
the performance of electrocatalysts is their long-term stability. As
can be seen in Fig. 5(f), the LSV curve of the quasi core-shell
structural Ti;CN(OH),@MoS, hybrids catalyst after 3,000 CV
cycles is essentially the same as that initially. Chronoamperometry
measurements  for  the quasi  core-shell  structural
Ti;CN(OH),@MoS, hybrids electrode are also carried out at a
potential of —0.12 V (vs. RHE) and the steady HER current
density is retained for 10 h. These measurements reveal the
outstanding structural robustness in the electrocatalytic HER
process. These results demonstrate that the unique quasi
core-shell structural Ti;CN(OH),@MoS, hybrids make their
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charge transfer fast and active sites exposure high, yielding a
superior HER performance.

To fundamentally understand the excellent electrocatalytic
activity of the quasi core-shell structural Ti;CN(OH),@MoS,
hybrids, theoretical calculations are performed based on a periodic
DFT, and the resulting optimal atomic configurations are
presented in Figs. 6(a) and 6(b), and Figs. S6 and S7 in the ESM.
Generally, AG* can well describe the activity of catalysts in acidic
electrolytes, and the |AGy*| of the desired HER catalysts should be
close to 0. Figure 6(c) summarizes the calculated AGy* for
Ti;CN(OH),, MoS,, and Ti;CN(OH),@MoS, hybrids. This figure
reveals that the quasi core-shell structural Ti;CN(OH),@MoS,
hybrids have the smallest [AGy*|, suggesting the presence of an
accelerated rate-determining step of HER process by suitable
adsorption characteristics originating from the electron transfer
and charge distribution between Ti;CN(OH), and MoS,.

4 Conclusions

In this work, in situ etching and hydrothermal processes are
combined for a rational synthesis of the quasi core-shell structural
carbonitride-based MXene Ti;CN(OH),@MoS, hybrids. The as-
prepared composite exhibits an enhanced electrical conductivity
and a strong chemical coupling between the surface -OH groups
of 2D carbonitride-based MXene Ti;CNT, nanosheets and the
MoS, nanoflowers. Accordingly, the electrocatalyst delivers
outstanding electrocatalytic HER performance in a 0.5 M H,SO,
electrolyte: an overpotential of 120 mV at a current density of
10 mA-cm?, a Tafel slope of 64 mV-dec”, and satisfactory long-
term stability. Theoretical calculations reveal that the modulated
electronic ~ structure of the quasi core-shell structural
Ti;CN(OH),@MoS, hybrids endows the composite enhanced
stability, excellent charge transfer kinetics, and optimal free
adsorption energy of hydrogen, resulting in a remarkable HER
performance. This work proposed a highly effective strategy for
fabricating MXene-based hybrids for electrochemical energy
storage and conversion.
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(further details of theoretical calculations, side-view of three-
dimensional (3D) CDD mapping of Ti;CN(OH),@MoS,, Raman
spectra, HRTEM image, polarization curves at different
hydrothermal times and temperatures, CV curves of different
electrodes, and top and side views of the atomic structure of MoS,
and Ti;CN(OH),) is available in the online version of this article at
https://doi.org/10.1007/s12274-022-5112-x.
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