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ABSTRACT: MoS; quantum dots (QDs) are loaded onto TiO, nanotube arrays
(NTAs) via a facile strategy of combining electrochemical exfoliation with
electrophoretic deposition (EFED). The optimal MoS;@TiO> NTAs exhibits a low
onset potential (76 mV vs RHE) with the Tafel slope of 93 mV dec®. The reported
synthesis strategy is suitable for the heterojunction construction of other
two-dimensional layered materials and semiconductor composites with excellent
photoelectric properties.
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1. Introduction

Since Fujishima and Honda reported photocatalytic water splitting using titanium
dioxide (TiOz) in 1972 [1], TiO2 has been extensively developed in several application
fields, including photocatalytic degradation of organic contaminants [2], hydrogen
production by water splitting [3] and dye-sensitized solar cells [4]. Among various
nanostructure forms, TiO> nanotube arrays (NTAs) have garnered considerable
attention due to its large specific surface area and efficiently oriented charge transfer
route [5]. Therefore, TiO> NTAs can provide a large surface area for efficient
electrocatalyst loading and boost the electrocatalytic activity. Moreover, TiO2 NTAS
offer a large amount of active sites and if an efficient heterojunction can be formed
with other semiconductors, the nanocomposites could have a high potential for
photoelectric properties. Therefore, a facile strategy is urgently required to design an
efficient heterojunction with TiO>, NTAs on the photoelectric properties and
electrocatalytic for hydrogen evolution.

In recent years, molybdenum sulfide (MoS>), as a kind of the layered transition
metal dichalcogenide, has been widely investigated [6,7]. Recent studies verify that
MoS: is an excellent electrocatalyst for the hydrogen evolution reaction owing to its
edge defects [8]. To be highly effective, ultra-thin MoS, nanosheets are necessary to
fully expose their edge defects and achieve maximum quantum confinement effects.
Thus, constructing MoS2 nanodots are a promising strategy to enhance the efficiency
of hydrogen evolution reaction (HER). Previous reports of MoS, QDs include

sonication and hydrothermal treatment [9], liquid exfoliation [10] and ball milling
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with chemical Li-intercalation [11], however, these synthetic approaches are sensitive
to the conditions and are limited by time consumption, harsh environments and toxic
organic solvents. Usually, MoS; nanodots are supported on Au foil, Pt piece and other
conductive substrates to carry out the hydrogen evolution reaction [12]. Nevertheless,
the huge cost and complex preparation hinder practical applications for the future. In
these contexts, it is necessary to develop a facile technique to obtain MoS, quantum
dots loaded on promising substrates such as TiO2, carbon materials, and so on.

Herein, we propose a convenient electrochemical exfoliation and electrophoretic
deposition (EFED) strategy to rationally design MoS.@TiO2 NTAs heterojunction.
With the synergistic advantages, the boosting of the interfacial heterojunction
interaction between the TiO> NTAs and the decorated MoS> quantum dots displays a

substantial increase in photoelectric property and electrocatalytic hydrogen evolution.

2. Materials and methods

Vertical-aligned TiO2> NTAs were prepared by a convenient two-step anodization
strategy [13]. The highly crystalline MoS, quantum dots were prepared via an
electrochemical exfoliation method [14]. In the current work, 0.5 g MoS2 powder
(purchased from Aladdin, 99.5%) was compressed into a bulk by applying a
continuous pressure of 15.0 MPa for 60 s. Then, 20 ml DI water containing 0.1 wt%
lithium bis(trifluoromethane) sulfonamide (LiTFSI) salt (purchased from Aladdin)
was employed as electrolyte. The bulk MoS: was used as the anode and the prepared
TiO2 NTAs was as the cathode under 5.0 V voltage. The distance between the

electrodes was kept at 1.0 cm. The MoS:@TiO, NTA-0.5, 1.0 and 2.0 refers to
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different EFED time for 0.5, 1.0 and 2.0 hours. The synthesis route is shown in

Scheme 1.

Scheme 1. The illustration of the preparation of the hierarchical MoS@TiO2 NTAs.

The morphologies of MoS@TiO2 NTAs were characterized using a transmission
electron microscope (TEM, FEI Tecnai G-20). The structural characterization of the
MoS@TiO> NTAs was carried out using a high-resolution transmission electron
microscope (HRTEM). The crystal phase was determined by an X-ray diffractometer
with Cu-Ka radiation (XRD, Philips, X’pert-Pro MRD). To confirm the surface
chemical compositions, X-ray photoelectron spectroscopy (XPS, KRATOS, Axis
Ultra HAS) was employed. Photoluminescence (PL) measurement was made using a

fluorescence spectroscope (HORIBA JOBIN YVON, FM4P-TCSPC).

An electrochemical workstation (AUTOLAB, Switzerland) was used to carry out
the photocurrent measurement and electrochemical impedance spectroscopic (EIS)
measurement in a three-electrode system: TiO2 NTAs/MoS:@TiO2 NTAs was used as
the working electrode, Pt foil as the counter electrode, and the saturated Ag/AgCl
electrode as the reference electrode. The test conditions are as follows [15]: The 0.1
M NazSO4 aqueous solution was utilized as electrolyte (pH=6.8). A GY-10 xenon
lamp with a power density around 100 mW cm?, was used to offer the light
illumination. The EIS measurements were carried out at a frequency range of 10°-10*
Hz. The J-V curves were obtained by a scan rate of 10.0 mV s,

The electrocatalytic activity for hydrogen evolution of MoS@TiO2> NTAs was
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tested by the same three-electrode system in a 0.5 M H>SOs electrolyte. The
properties of hydrogen evolution were measured by linear sweep voltammetry at 2.0
mV s*. To avoid the Pt deposition during the CV testing, a graphite rod instead of Pt
was used. The stability was studied by cyclic voltammetry for 1000 cycles at a rate of

0.1Vst

3. Results and discussion

The single TiO2 NTAs decorated by uniformed MoS; QDs is displayed in Figure
la. MoS; quantum dots were anchored on the inner and outer tubes of TiO2, NTAs
with the size of 2.0~3.0 nm and the average diameter was 2.7 nm The HRTEM and
SAED is depicted in Figure 1b-d and the high-resolution TEM elemental area

mapping of a single tube is shown in Figure le-1h.

Figure 1. (a) MoS:@TiO2 NTAs TEM images. (b, ¢) HRTEM images of the selected
area (in red circles of a) and (d) SAED pattern for the images of (b). (e-h) Elemental
mapping in single MoS;@TiO2 NTAs, the scale bars are 20 nm for all.

The XRD spectra of the three specimens: MoS2, TiO2 NTAs and the MoS:@TiO-
nanostructure composites are shown in Figure 2a. The diffraction maximum at 25.3°,
37.9°, 48.0° and 53.9° can be assigned to the (101), (004), (200) and (105) facets of
the TiO anatase phase. Peaks belonging to the (002), (100), (103), (105), (110), (008)
planes of MoS, were detected in the bulk sample, however, after exfoliation into
quantum dots, only a weak peak at 32.0° was present in the MoS@TiO> sample,

implying that the MoS, QDs contain only few layers. Figure 2b shows the Raman



spectrum of the TiO2 NTAs, MoS; bulk and MoS,@TiO2 NTAs nanocomposites. The
characteristic Raman band with Exg = 145 cm™, B1g = 392 cm™, Ayg =513 cm™?, Eg =
634 cm? confirm the presence of anatase TiO2. Furthermore, Raman peaks
corresponding to MoS,@TiO2 nanocomposites were observed at 380 cm™, 401 cm™
and 452 cm™ and attributed to the Ezg, Aig and Eiu® modes, respectively. Figure
2c-2d shows the XPS spectra and PL intensity of pure TiO, NTAs and the
MoS@TiO, composites. The summary XPS spectra peak at Ti 2p (458.9 eV), O 1s
(532.4 eV), and C 1s (284.5 eV) can be observed in both pure TiO2, NTAs and
MoS;@TiO2 NTAs. Moreover, compared with the MoS, bulk, the slight peak
intensity of Mo 3p, Mo 3d and S 2p can be observed in MoS,@TiO2 NTAs due to the
high dispersion and the small size of MoS, QDs. Compared to the pure TiO2 NTAs,
the MoS@TiO> composites display a lower PL intensity from 400 to 650 nm, which
signifies a faster electronic transmission and a higher electrocatalytic activity at the
interfacial heterojunction interaction. In the high-solution XPS spectra (Figure 2e, f),
binding energy peaks for Mo 3ds, and Mo 3dz/, at 232.2 eV and 229.2 eV correspond

to the presence of Mo**. The peaks at 162.2 eV and 163.5 eV are fitted to S 2ps/2 and

S 2ps.

Figure 2. (a) The XRD and (b) Raman spectra of MoS; bulk, TiO> NTAs,
MoS@TiO2 NTAs. (c) XPS spectra and (d) PL spectra of pristine TiO> NTAs and
MoS@TiO2 NTAs. The high resolution XPS spectra of (e) Mo 3d, (f) S 2p of

MoS,@TiO2 NTAs.



Figure 3a shows the current-time (I-t) responses of pure TiO2 NTAs and
MoS;@TiO2 NTA-0.5, 1.0 and 2.0 h electrodes with a turn-in frequency of 30 s. The
electrochemical performance was measured by electrochemical impedance
spectroscopy. As shown in Figure 3b, under both dark and simulated solar light
irradiation, the plain TiO. NTAs had a larger diameter of semi-circular curves,
indicating a poor interaction conductivity at the heterojunction interface. However,
the TiO2 NTAs supported by MoS> quantum dots showed a smaller diameter owing to
the reduced electron-hole recombination at the interfacial interaction of the
heterojunction structure of MoS, QDs on TiO2> NTAs. The enhanced photoelectric
performance was confirmed by the J-V curves (Figure 3c). At the 0.8 V bias, the
photocurrent density reached 0.83 mA cm, which is 2.6 times that of the pure TiO2
sample. In Figure 3d, the hierarchical MoS>@TiO2> NTAs-1 electrode shows an

optimal 1 at 0.46% under an applied bias of 0.5 V.

Figure 3. (a) Photocurrent responses for pristine TiO2 NTAs and MoS,@TiO2 NTAsS;
(b) EIS plots for pristine TiO2 NTAs and MoS@TiO2 NTAs; (c) J-V curves of 10 mV
s! for TiO2 NTAs and MoS,@TiO, NTAs-1 electrodes; (d) Photoconversion
efficiency with different electrodes (TiO2 NTAs and MoS,@TiO2 NTAs-1).

The linear sweep voltammetry (LSV) of hydrogen evolution reactions can be
measured by LSV curve (Figure 4a). Due to the active edge of MoS; QDs, exfoliated
MoS; nanodots loaded on the TiO2 NTAs show a significant electrocatalytic activity
with a low onset potential about 76 mV at 1.0 mA cm™. The low onset potential can

be ascribed to the specific micro/nanopores structure of the MoS:@TiO2 NTAs-1,
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which favors mass transfer and reduces the concentration polarization. The
overpotential of MoS:@TiO> NTAs-1 was 162 mV at the current density of 10 mA
cm due to the high Tafel slope that will be discussed later.

The Tafel plots were measured to further investigate the HER activity (Figure
4b), the slope of MoS,@TiO, NTAs-1 was found to be 93 mV dec™, higher than the
33 mV dec? of best known catalyst, Pt, due to the lower conductivity of MoS,. After
1000 cycles, slight inactivation was observed, suggesting a good stability of the
MoS@TiO2 NTAs (Figure 4c). Figure 4d compares with the overpotential at 10 mA
cm current density and the corresponding Tafel slope of various MoS-based and

TiO2-based electrocatalysts [16-27].

Figure 4. (a) The linear sweep voltammetry of TiO2 NTAs, MoS;@TiO2 NTAs-1, Pt
sheet; (b) The corresponding Tafel curves for the MoS,@TiO2 NTAs-1 and Pt sheet;
(c) Stability test of the MoS>@TiO2 NTAs-1 scan in 0.5 M H2SO;4 at a scan rate of
100 mV s. (d) Comparison of the overpotentials at a current density of 10 mA cm

and the Tafel slope for different MoS2-based and TiO»-based catalysts.

4. Conclusions

In summary, we have developed a strategy to construct the hierarchical
MoS:@TiO2> NTAs by using a method combining electrochemical exfoliation with
electrophoretic deposition. The MoS:@TiO2 NTAs not only display a highly
photoelectric ability, but also possess an outstanding property of electrocatalytic for
hydrogen evolution with a low onset potential of 76 mV dec™. This outstanding

performance of MoS:@TiO> NTAs can be attributed to the boosting interfacial



heterojunction interaction in the photo-excited electron transfer and the high

electrocatalytic activity of the quantum dots.
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