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Highlight

B IT'-MoS; and 1T-MoSe, were directly grown on electrochemically synthesized fluoride-

free MXene.

B Extendable strategy for the direct and in situ growth of phase-controlled TMDs on the

MXene substrates.

B In acidic solution, the engineered catalyst exhibits high catalytic activity of 167 mV at

current density of 10 mA cm™.
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Abstract

Crystal phase modulations in two-dimensional (2D) materials have garnered extensive

interest because of their intriguing features and potential applications. Nonetheless,
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synthesizing some specific phases of metastable transition metal dichalcogenides (TMDs)
remains a challenge due to the restricted selectivity under chemical and physical treatments,
especially for direct growth of specific phase of TMDs on 2D substrates to form
heterostructures. Taking the merits of MXene with tunable atomic vacancies and surface
chemistry via surface functionalization, the phase of epitaxially grown TMDs on 2D MXene
can be significantly affected. In this work, 1T'-MoS, and 1T-MoSe, were directly grown on
electrochemically synthesized MXene under controlled oxidization conditions and selected
MXene substrate. Owing to the synergistic effect of TMDs and MXene, the TMDs/MXene
heterostructure catalysts exhibit good electrochemical activity under acidic conditions, with a
low overpotential of 167 mV at a current density of 10 mA c¢cm? Our work not only
demonstrates the distinct chemical characteristic of various MXenes feasible for surface
engineering which promotes the direct and in situ growth of phase controlled TMDs on MXene
substrates but also displays the high electrochemical activity in TMDs/MXene heterostructure

catalysts.

Keywords: Catalyst, Electrochemical etching, Direct growth, HF-free MXene, 1T MoSe,, 1T
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1 Introduction

Two-dimensional (2D) materials have piqued the interest of researchers and turned the
discipline into a dynamic and fascinating research topic upon the discovery of novel physical
properties in graphene[1-4]. Crystal phase control is essential for adjusting the inherent
physicochemical properties of 2D materials tailed to meet the demands of their diverse
applications in electronics, optoelectronics, and electrocatalysis[5]. However, the challenge in
direct growth with selected phase synthesis and stabilizing phase limits the synthesis of robust
metallic phase of group VI transition metal dichalcogenides (TMDs)[6], and the metastable
TMDs coupled with different materials is greatly coveted as an uncharted territory. To date,
several strategies for phase control in the polymorphic TMDs have been developed, including
alkali metal intercalation, flux method, hydrothermal reaction, and colloidal synthesis[7, 8], as

well as physical treatments such as electron beam irradiation, plasma hot electron transfer,



mechanical strain, and flux method[6, 9-11]. Unfortunately, the synthesis of metastable phases
such as octahedral phase and its distorted phases (1T and 1T") is more complex because of their
various chemical compositions[12, 13]. Differing from the semiconducting phase such as 2H
phase of MoS; and MoSe;, it is encouraging that the semi-metallic 1T- and 1T’-MoS, and
MoSe; have shown to possess high electrocatalytically active towards hydrogen evolution

reaction (HER)[7, 14].

Noted that the selection of substrate greatly influences the epitaxial growth of 2D
materials or nanoparticles. Substrate engineering allows the phase engineering of
nanoparticles[13] (PEN) or an epitaxial layer by employing different substrates. For example,
the growth orientation of Pt nanoparticles can be regulated via a mismatch in the lattice between
the target growth material and the MXene substrate.[15] MXene is an important class of 2D
materials with a wide range of applications due to its unique and adjustable physicochemical
properties, while its applications span from electrocatalysts and biosensors to
superconductors[16-18]. They are typically produced by selectively etching the "A" layer of
the MAX phase material[19]. The layered MAX phase material is defined in the generic
formulation Mn+1AX, hexagonal carbides and nitrides, where n ranges from 1 to 4, M is an early
transition metal, A is commonly a group 13 or 14 element, such as Al, Ga, Si, or Ge, and X is
carbon and/or nitrogen. MXene is sandwiched by the "A" layer on a regular basis. Various
etchants have been applied including hydrofluoric acid (HF) etching, in-situ HF production by
combining lithium fluoride/hydrochloric acid, alkali etching, Lewis molten salt etching, and
electrochemical etching (E-etching)[ 18, 20-22]. Surface functionalization such as -O, -F, -Cl, -
OH is then covalently linked with MXene during the selective etching of the monoatomic "A"
layers, endowing M Xene with remarkable hydrophilicity, high flexibility, and conductivity[19].
The etching conditions and post-treatments determine the flake size, synthesis yield, surface
functionalization, and nature of MXenes[23]. For instance, the newly developed HF-etched
double transition metal MXene Mo,TiC, has shown unique properties with the generated Mo
vacancies by post electrochemical treatment, which can anchor single Pt atom and function as
an effective electrocatalyst [24]. In contrast to the HF-etched M Xene, HF-free/E-etched MXene
shows diverse physical and chemical characteristics , especially a larger lattice constant
beneficial for the growth of PEN, which results from the atomic structure differences caused
by different functionalized atoms[15, 17]. Additionally, the surface selenization strategy on
HF-etched is also an effective method for improving the electrochemical properties of MXenes,
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in which MXenes are converted to transition metal selenides with high capacity and outstanding

structural stability while the inner layer of MXenes are intentionally preserved[25].

Herein, we present a systematic strategy for epitaxially synthesizing crystal phase-
controlled 1T or 1T’-MoX; (X=S, Se) layers atop E-etched Mo,TiC, MXene with controlled
chemical vapor deposition (CVD) method. Through the E-etching and annealing processes, the
Mo,TiC, MXene develops surface point vacancies, allowing the formation of stable metallic
1T'-MoS; and 1T-MoSe; while only the semiconducting 2H-phase MoS, was grown on HF-
etched Mo,TiC; in pervious study[26]. The heterostructure TMDs/MXene catalysts exhibit
good electrochemical activity in acidic solution attributing to the advantage of synergistic effect
between TMDs and MXene, with a low overpotential of 167 mV at a current density of 10 mA
cm™. Our work paves a new way for epitaxial growth of 2D materials on 2D HF-free MXene
substrate and demonstrates the potential to be extended to PEN, hence providing a novel method
to construct effective TMDs/MXene heterostructures for electrocatalysis and other device

applications [27].

2 RESULT AND DISCUSSION

2.1 Fabrication and characterization of TMDs/MXene heterostructure
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Figure 1. (a) Schematic of the process of in situ growth of MoS, or MoSe; on MXene. (b) The
TEM image partially etched Mo,Ga,C.

Figure 1a illustrates a schematic of the synthesis process of TMDs epitaxially grown on
MXene. First, high-quality HF-free MXene was synthesized by E-etching approach that
promoted the selective removal of "A" layers from quaternary/trinary transition metal carbides
(Detail in experimental section). Subsequently, the as-synthesized MXene was spin-coated on
a silicon substrate and sulfurized through CVD at a temperature of 600 °C. Cyclic
voltammogram (CV) was used to determine the proper range of the etching voltages. Figure
S1 shows the CVs for various MAX phase materials with etching potentials varying from 0 to
1.8 V vs. RHE. The first anodic peak at 0.7 V was assigned to the "A" layer reacting to the acid
which resulted in the removal of the "A" layer (Stage 1), whereas the second anodic peak at 1.2
V indicates that both the "M" and "A" layers react with the electrolyte, resulting in over-etching
of MXene due to the destruction of the M-C bonding (Stage 2)[20]. To facilitate selective
etching of the "A" layer, the MXene was etched at a mild heating temperature of 55 °C with a
small bias of 0.7 V, leading to the dissolution of the aluminum or gallium layer wedged in MAX
phase material in diluted HCl electrolyte in the form of aluminum chloride and gallium chloride.
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Sonication was used to delaminate the as-synthesized material. The X-ray diffraction (XRD)
and Raman patterns in Figure S2-S3 show the removal of ‘A’ layer from the MAX phase by
eliminating the ‘A’ layer vibration peak, and peak shift correlates to an increase in interlayer
spacing. Figure 1b shows a cross-section of partially etched MAX-MXene interface imaged
by transmission electron microscopy (TEM) along the a-axis at (100) face. The Mo,C
sandwiched by double Ga atoms in M0,Ga,C has an atomic thickness of 0.231 nm in the density
functional theory (DFT) computed lattice model, whereas the Mo,CO, lattice has an atomic
thickness of 0.508 nm. The lattice fringes of the TEM image match with the computed model.
The Mo,Ga>C XRD results agree with the TEM picture in which a sharp peak shift from 9.89°
to 9.6° caused by the removal of the Ga layer matched to an increase in interlayer separation
for the stacked M0,C[28]. The smaller peak shift may attribute to the stacking of the Mo,C
MXene from the intercalant-free mechanical exfoliation, which minimizes the uncertainty raise
from the intercalation. It also facilitates the direct comparison of using different MXenes or

oxidation time.

The lattice configuration of the MXene nanosheet was captured using TEM, as shown in
Figure S4. The imaged area was at the flake center, demonstrating that the Mo-based MXene
holds a tightly packed hexagonal structure. For Mo,TiC,, the TEM imaged the near atomic
layer of Ti atoms, thus a lighter contrast is observed[24]. The appearances of the lattice change
at the edge and center positions of the nanoflake (Figure S5). This variation is resulted from
surface group defects and strain[15] induced on the top and bottom surfaces, as well as the
etching process. E-etching is an edge site-initiated etching process[29] analogous to the in situ
HF etching, whereas the HF etching is a grain boundary etching process[30]. The concentration
of etchant is proportional to the defect concentration. The etchant used in this reaction is mild
when compared to traditional methods[31] and thus atomic point defects were found on the
MXene instead of defect clusters[32]. The defects on the MXene are further demonstrated by
the HAADF-STEM image of Mo, TiC; and the associated line profile, as shown in Figure S5b.
The associated accessible planes and defects provide an anchor location for chemically

vaporized S ion[24] immobilization.

2.2 The effect of oxidation time and CVD growth temperature on Mo, TiC,



The MXene was first treated with 1 M KOH before CVD process for oxidizing the MXene
and grafting oxo-functionalized on it[15]. The Raman spectroscopy was used to evaluate the
oxidization effect of OH ions to MXene (Figure S6a). The Raman shifts at 312 and 690 cm’
are attributable to the h-MoQj intermediate[33] after 0.5 hour of oxidation. When the oxidation
time was increased to 1 hour, the Raman responses became stronger, with intense signals at 183
and 285 cm™'. When the oxidation time was increased to 2 hours, the 0-MoO; produced a
succession of Raman signals at 250, 650, 862, and 912 cm™ that are consistent with the
literature[34]. A board peak at 160 cm™ is attributed to the bulk MoOj; and TiO; layers[35]. The
surface of the MXene is covered by anatase to extremely oxidize it for 48 hours, and the Raman
spectrum is comparable to that of oxidized titanium carbide[20]. As presented in the following
equation, the MAX phase material electrode undergoes anodic polarization during the

electrochemical etching process:
Mo,TiAIC + yCl+ (2x+2)H20 — Mo, TiC(OH)2.CL,0A4 A" +(x + 2)Hy +(y + 3)e”

The CVD processing is capable of removing the functional group produced during the E-
etching process[15] and causing atomic defects on MXene since the Mo-O bonding is stronger
than Mo-C bonding[24]. The removal of such functionalizes exposes the inner Ti layer to the
surface[24]. To determine the optimal sulfurization temperature required for MoS; synthesis on
MXene and postulate the surface termination change on MXene after CVD, identical oxidized
Mo, TiC; was sulfurized at different temperature (Figure S6b). The Raman spectra show that
MXene has no reactivity to sulfur when the temperature is not higher than 500 °C. We propose
that the peaks at 150, 197, 395 cm™ are corresponding anatase to TiO, formed by surface
oxidation in the interaction with the environment after the surface functional group removal[36]
by comparing the MXene annealed at different temperatures and the oxidized MXene in the
previous report[20]. The incorporation of the -o surface functional groups facilitate the
formation of surface defects due to the surface functionalized removal in the annealing

process[37].

2.3 The effects of sulfurization and selenization on various MXenes
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Figure 2. (a) The TEM image of M0S,/M0,C-0.5h. (b) The XRD pattern of sulfurized MXenes.
The (c) top and the (d) edge TEM images of the MoS,/Mo0,TiC,-0.5h sample. The scales for

Fourier transform inset are 10 1/nm.

The phase of the sample were confirmed by the TEM picture and XRD pattern in Figure
2a-b for MoS,»/Mo0,C-0.5h, where the (002) peak for MoS,/Mo,C-0.5h sample at 14.1° is
ascribed to the 2H MoS; [Ref. [13]]. As shown in Figure S5, atomic defects were produced on
the Mo,TiC, MXene as a result of the manufacturing method and annealing procedure, and a
defect-rich substrate[31] is advantageous to the formation of 1T’ phase MoS; for sliding sulfur
atom and stabilizing the 1T’ structure[31, 38]. The XRD pattern (Figure 2b), the crystalline
ordering in the HRTEM image (Figure 2¢) and the diagonal atomic-scale edge structure
(Figure 2d) of the MoS,/Mo0,TiC,-0.5h sample indicate the 1T’ octahedral lattice[39]. Figure
3a illustrates the Raman spectra derived from MoS,/Mo0,TiC,-0.5h, which show the archetypal
Ji, J2, and J3 vibration modes for 1T° MoS,. J; involves two modes of vibration, including the
out-of-plane and in-plane shearing vibrations of each atom stripe for the other atoms in the
chain. J, peak at 226 cm” owing to the relative motion of two zigzag chains, whereas J; is
related to the off-axis vibration of tending to split each zigzag chain into two stripes[8, 40]. The

formation of 1T” MoS; on the surface of the MXene was also suggested by the X-ray
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photoelectron spectroscopy (XPS) results (Figure S7). Mo 3d and S 2s spectra could be fitted
into three peaks at 226.5, 229.1, and 232.2 eV for defective MoS; and Mo-S bonding for Mo
3ds, and Mo 3dsp, respectively. For the S2p spectra, three peaks may be fitted at 167.6, 164.3,
and 162.4 eV for metal sulfate, S 2pi,2, and S 2ps. There is a modest shift in the spectrum when
compared to the documented 1T MoS; in earlier studies[41, 42], indicating the presence of 1T
MoS:;. Furthermore, the stability of heterostructure sample is tested by comparing the Raman
spectra of the freshly synthesized sample to the sample exposed to air for half a year; the exact
peak is visible in both curves, confirming the exceptional stability of the 1T' MoS, on MXene
(Figure S8). Interestingly, the epitaxial growth of the MoS, on HF-free Mo,TiC, (1T’ phase)
is different from the HF etched Mo, TiC, sample (2H phase)[26], and it is rationally ascribed to
the grafting of Mo-O terminal with a H atom from electrochemical etching process, resulting
in the formation of a Mo-OH intermediate. Mo-C bonds are broken because of the stronger Mo-
O bond in Mo-OHj,, resulting in the formation of a Mo-OH, leaving group[24] and more
vacancy in HF free Mo,TiC,. Additionally, Raman responses of the out-of-plane ordered
quaternary MXene Mo, Ti,Cs derived MoS; have one more pair of peaks than the MoS>/Mo03C»-
0.5h sample as shown. The Raman peaks at 224 and 340 cm™ may be ascribed to the TiS;
vibration peaks[36], whereas the others are assigned to the MoS; vibration peaks. The
difference between the growth of TMDs on M0,Ti,Cs and Mo, TiC, may attribute to the higher
stability in thicker MXene since increase of n (in My1X,) preserves the stacking configuration
while enhancing its energetic preference, and thus it may affect the reaction step rate in the E-

etching process and result in more explored inner layer[43].

The MoS; exhibits two primary Raman modes in the 2H phase of A, and Ei; modes[44]
for the MoS,/Mo0,C-0.5h samples, in good agreement with our control-MoS, samples grown
with typical MoOs precursor (Figure S9a), previous XRD discussion and literature[31, 45].
The out-of-plane vibration mode attributes to the opposite vibration of two S atoms against the
Mo atom, whereas the in-plane vibration of the Mo and S atoms vibrate against each other[8].
The effect of the oxidization time of the MXene on sulfurization is studied based on Raman
spectra (Figure S10). When the oxidation duration was raised to 48 hours, the 2H MoS; signal
decreased in MoS,/Mo,C sample, showing that the over-oxidized MXene is not favorable for
growing MoS,. Additionally, the Raman peak for the MXene is hardly discernible and it is

attributed to the suppression of signal for the MXene substrate after the sulfurization process



due to the covering of MoS,, as suggested in the electron energy loss spectroscopy (EELS)

(Figure S11).
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Figure 3. The Raman spectra for M02C, M03Cz, Mo,TiC; and Mo, Ti>Cs after (a) sulfurization
and (b) selenization process and post-oxidization with KOH for 30 mins. (c) HRTEM image of
1T-MoSe; at the center of the flake (d) 1T-TiSe; at the edge of the Mo,Ti,Cs flake. The inset is
the FFT picture of the TEM images.

On the other hand, selenization of MXene was then carried out to validate the influence
of the surface functional group defect on TMDs development. For mono element MXene, the
MosC, and Mo,C shared a comparable set of Raman peaks at 142, 228, and 301 cm™, matching
to the Eig, A1, and Ejg vibration modes of 2H MoSe; (Figure 3b), which are also compatible
with the MoSe; converted from MoOs (Figure S9b). The 111 (J;), 146 (J2), and 202 (J3) are
ascribed to 1T MoSe, (Figure 3b). The HRTEM and diffraction pattern from the FFT
measurement indicated the single crystalline nature of MoSe; and TiSe; to determine the phase
of the MoSe»/M0,T12C3-0.5 h sample (Figure 3c-d). The hexagonal lattice of the TMDs is
displayed in well-resolved 2D lattice fringes, as demonstrated in the literature[46]. Notably,
1T-TiSe, was discovered at the edge of the edge whereas 1T-MoSe, was found in the center of

the flake. This is attributable to the H»(10%)/Ar mix gas utilized in the selenization, which
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causes more vacancy on the edge of the MXene due to the interaction between H, and -O
functional group. The difference in the phase structure between the MoS,/MoSe; on double
element MXene substrates may be rationally explained as a difference in atomic size and lattice
mismatch between the TMDs and MXene. According to our DTF calculation and previous
literature[13], 1T°-MoS, and 1T°-MoSe; have lattice parameters of 0.311 and 0.325 nm,
respectively, whereas Mo,TiC, MXene has a lattice parameter of 0.292 nm. Since
functionalized MXene may vary in lattice size[17], 1T'-MoS, has a comparable lattice
parameter to MXene, but 1T’-MoSe; has a high lattice misfit to MXene and there is no space
for the 1T’-MoSe; to achieve a more stable configuration by sliding the Se atom[13]. Moreover,
Se has a larger atomic radius than S and Mo, the atomic surface of the MXene may be incapable
of facilitating the growth of 1T' phase MoSe, when the atom size of the diffused atom is similar
to the size of vacancy. As a result, the choice of MXene substrate influences the formation of
TMDs due to the highly modifiable surface of MXene, and the TMDs development on MXene

is tunable by employing suitable MXene.

2.4 The electrochemical properties of TMDs/MXene
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Figure 4. (a) The linear sweep voltammetry (LSV) and (b) and the corresponded Tafel slope
of catalysts. (¢c) LSVs for the bare MXene and the MoS,/MXene under different synthesis
conditions. (d) Nyquist plots for comparison of the MoS,/Mo,TiC,, MoS,/Mo,C samples. The

inset shared the x-y axis with the Nyquist plots.

Phase control on the epitaxial growth of TMDs considerably affects the electrochemical
activity of the TMDs/MXene as catalysts. As a proof-of-concept demonstration, the HER
activity of heterostructure catalysts was examined in 0.5 M H>SOs solution using a polished
glassy carbon electrode with a graphite rod as the counter electrode. In acidic solution, the
MoS,/Mo,TiC»-0.5h sample performed a lower an overpotential of 167 mV (V vs. RHE) to
achieve a specific current density of 10 mA cm™ (Figure 4a) and a Tafel slope of 89 mV/decade
(Figure 4b), indicating more rapid HER kinetics thorough Volmer-Tafel reaction path in
comparison to MoS,/Mo,TiC,-48h sample. This result shows that the in situ metallic 1T' phase
MoS:; facilitates the hydrogen evolution process by combining the gapless contact with the
metallic MXene, and the phase engineering with aim of attaining 1T’-MoS, improved its HER

activity. The overpotential of the MoS,/Mo,TiC,-0.5h sample is only 167 mV to reach a current
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density of 10 mA cm™, which is considerably lower than that of MoS2/Mo,TiC»-48h (197 mV),
MoS>/M02C-0.5h (271 mV), MoS,/M0,C-48h (283 mV), 2H MoS; (310 mV) and 2H MoS, +
MXene (347 mV) samples at a specific current density of 10 mA cm™, suggesting the excellent
electrocatalytic efficiency of M0,TiC2/M0S,-0.5h catalyst. Furthermore, the bare MXenes in
acidic solution exhibit only mediocre electrocatalytic activities towards HER with an
overpotential of 385 mV and 356 mV at a specific current density of 10 mA cm™ for Mo,C and
Mo, TiC,, respectively. Considering the comparable electrocatalytic behavior between Mo,C
and Mo,TiC,, the LSV curve difference between MoS,/MXenes can be attributed to the

epitaxial growth material over the MXene.

Consequently, the catalytic performance for HER of Mo0,TiC2/M0S;-0.5h sample is
comparable to state-of-the-art metallic TMDs based catalyst[39] (Table S1), where the catalyst
demonstrates good catalytic activity without further doping or defect introduction used in
reported MoS, catalysts. The MoS,/Mo,C-0.5h and MoS,/Mo,TiC,-48h samples demonstrated
a low electrocatalytic activity against HER and a high overpotential of 197 mV and 271 mV at
a particular current density of 10 mA cm™, as shown in Figure 4c. Additionally, the less
conducive to redox-active electrochemical reactions and inert S edge of the surface 2H MoS,
are responsible for the large overpotential[10]. As a result, the control sample of 2H MoS, and
the 2H MoS,;-MXene mixed sample show sluggish HER activity with high overpotentials of
310 mV and 347 mV at a particular current density of 10 mA cm, respectively. We hypothesize
that the slightly higher HER performance of MoS,/Mo0,C-0.5h sample to the 2H MoS, samples
is attributable to the distinct heterojunction of the unique chemical synthesis approach and the
synergistic effect of MXene[45], and thus the TMDs/MXene heterostructure outperforms 2H
MoS; and physically mixed 2H MoS, and MXene sample which owing high contact mismatch
(Figure 4a).

To investigate the origin of the advanced electrochemical activity of the MoS,/Mo,TiC»-
0.5h sample amongst other heterostructure TMDs/MXene samples, electrochemical impedance
spectroscopy (EIS) was implemented to evaluate the contact resistance for the samples (Figure
4d). The metallic heterostructure MoS,/Mo,TiC,-0.5h exhibits a high conductivity with a low
contact resistance in the system of 4.08 ohms with the conductive support of the MXene
substrate, signifying the benefits of MoS,/Mo,TiC,-0.5h sample with barrier-free quick kinetics,
a low diffusion resistance and a strong ion transfer activity of the catalyst. Compared to the

bare Mo, TiC,, the contact resistance of the MoS,/Mo,TiC,-0.5h sample is greatly reduced by
13



1.75 ohms. Nevertheless, the other MoS;-based catalysts have higher resistance to the system
ranging from 5.36 to 7.69 ohms (Table S2) and display transmission line behavior, indicating

relatively slow ion diffusion transfer activity.

The contact resistance of the MoS,/Mo,TiC,-0.5h system is also comparable to the pure
platinum metal plate (Figure 4d). The diffusion tail of the lower-frequency region in the
Nyquist plot of MoS»/M0,TiC,-0.5h with a high slope suggests that the sample is less resistive
than the other electrocatalysts[47]. It can be attributed to the combination of the semiconducting
MXene and the metallic 1T’ MoS,, which turns the overall nature of the electrode material into
semi-metallic. Moreover, we also measured the EIS for the bare MXenes to directly compare
the electrochemical of the MXene before and after the sulfurization. The Nyquist plot suggests
that electrode/electrolyte electron transfer resistance is reduced after the epitaxial growth of
metallic MoS, on the surface of the MXene. Notably, the 1T°-MoS, growth on Mo,TiC,
(Mo0S2/Mo0,TiC,-0.5h sample) displayed Mo defects in the basal plane in the TEM image in the
previous section as shown in Figure 2¢, which can produce a novel electronic state to govern
the hydrogen absorption behavior of the coordination S atom, hence improving intrinsic activity
of whole heterostructure catalyst[39]. The results suggest that the in situ growth of MoS, on
MXene heterostructure catalyst has greater catalytic activity than pristine MXene and MoS,,
demonstrating the synergetic effect of the engineered heterostructure. The heterostructure also
affects the electron transfer kinetics and electrochemical activity. By utilizing the charge-
transfer kinetics-favored design, the MoS,/Mo,TiC,-0.5h catalyst demonstrates high kinetics in

acidic electrolytes.
3 Conclusion

In conclusion, we present the direct and in situ growth of metallic phase TMDs (1T°-MoS,
and 1T-MoSe;) on various HF-free MXenes and the origins of the different phases are
investigated through structural analysis. The unique property of E-etched MoTi,C with surface
defects and an active site to capture S ions provides a favorable site for developing specific
phase TMDs. The catalytic activity of the TMDs/MXene heterostructure catalysts is similar to
that of the state-of-the-art catalyst in an acidic solution. Furthermore, the 1T’-MoS; on
MoS,/Mo,TiC»-0.5h sample is stable in air, demonstrating the protective effect of MXene on
metastable 1T°-MoS,. This study presents the importance of HF-free MXene on the direct

growth of phase-controlled TMDs and opens an avenue for phase engineering of 2D materials
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on double transition metal MXene coupling with diverse designs for various applications in

electrochemical energy conversion.
4 Experimental section

Materials and reagents: Molybdenum aluminum carbide, Molybdenum titanium
aluminum carbide and Molybdenum gallium carbide (200 mesh, 99 percent purity) were
acquired from Laizhou Kai Ceramic material Co., Ltd. Sigma supplied the hydrochloride,
potassium hydroxide, lithium fluoride, sulfuric acid, and sodium hydroxide. Aladdin-reagent
Co., Ltd. provided polyvinyl alcohol (88%) for this experiment. All materials were utilized as

received, with no further purification.

Synthesis of MXene: The molybdenum carbide and molybdenum titanium carbide were
fabricated by the E-etching method. The CFCs for E-etching were purified as previously
reported. The CFCs were cleaned with ethanol and acetone before being immersed in the HNO;
solution for 6 hours under reflux. The NaOH solution neutralized the CFCs, which were then
rinsed several times with water and dried in a 60 °C oven. The MAX phase material was mixed
with carbon black in a 95:5 ratio and evenly drop-casted onto the CFC substrate. With a
moderate heating temperature of 55 °C and an appropriate bias of 0.7 V, the A layer wedged in
MAX phase material was dissolved in the dilute HCI electrolyte. The multi-layered MXene was
sonicated and rinsed with a mixed solution of ethanol and deionized water to remove the un-
etched residue MAX phase material. After filtering the remaining MAX phase material, 2D
MXene was purified by collecting the supernatant produced after centrifugation at 3000 rpm

for 5 minutes.

Oxidizing processing for MXenes: To aid in the epitaxial development of the TMDs, we
further enhanced the oxo-functionalized-rich surface of the MXene. 1 mL of 1 M KOH was
mixed with 1 mL of MXene with the concentration of 1 mg/mL. After 30 minutes, 1 hour, 2
hours, and 48 hours, the as-mixed solution was vortexed. The solution would be rinsed for

numerous times with deionized water until the pH value of the solution reached natural.

CVD process: The oxidized MXene precursor was employed as the Mo source precursor
on the Si substrate, and excess S/Se powder was used to provide a S/Se-rich environment for
the in-situ CVD process. The precursors were placed at separate quartz boats and the S/Se

source was placed in the upstream of the furnace. For the sulfurization process, the S powder
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and oxidized MXene precursor were heated to 160°C and 600 °C, respectively, and the
temperature was held for 1 hour at atmospheric pressure with Argon as the carrier gas flowing
at 30 sccm. For the selenization process, the Se powder and oxidized MXene precursor were
heated to 300 °C and 800 °C, respectively, and the temperature was held for 30 minutes at
atmospheric pressure with 10% H»/Ar mix gas flowing at 10 sccm. After the synthesis process,
the CVD furnace was naturally cooled down to room temperature. The 2H MoS, and MoSe»

were created by swapping out the MXene "seed" with a MoOs "seed."

DFT calculation for bandgap and lattice structure: The Quantum espresso software
package[48] was used for all first-principles simulations based on density functional theory
(DFT). The exchange and correlation energies were computed using a parameterized local-
density approximation (DFT-PBE). The kinetic energy cutoff for the plane wave is 700 eV, and
a vacuum layer of 15 A is utilized. Only the x and y dimensions change for MXene cell
optimization and relaxation (i.e. 2D xy constraint). The dipole and van der Waals (vdW)
interactions were taken into account. A 12 x 12 x 1 Monkhorst k-point grid was utilized for

MXenes.
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