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Graphical Abstract 

 
 

 

Highlights 

 

 MoS2/TiO2/Ti photocathode was facile fabricated with visible light responsivity. 

 Enhanced catalytic activity under visible light illumination was achieved. 

 The enhancement was due to improved charge separation, transfer and transport. 

 A proper charge-carrier dynamics of hybrid-junction was proposed.  

 

Abstract:  

In photoelectrochemical (PEC) water splitting systems, crucial obstacles limiting their 

performance are poor charge carrier dynamics and high recombination rate of photoexcited 

electron hole pairs. Here, we report that this issue can be alleviated by engineering a hybrid-

junction that is composed of homo- and hetero- junctions. This strategy is performed by facile 

hand-spraying MoS2 over the surface of a anatase/rutile homo-junction TiO2 film on the Ti 
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substrate to further form a hybrid-junction photocathode. By applying this photocathode into PEC 

reactor, enhanced catalytic activity is achieved under visible light (AM1.5 illumination of 300 

W/m2) with hydrogen evolution reaction (HER) potential of -114 mV versus reversible hydrogen 

electrode (RHE) at 10 mA/cm2 and long-term stability of more than 10 times improvement 

comparing to ordinary electrode without the introduciton of hybrid-junction. The hybrid-junction 

that effectively regulates charge separation and transfer pathways is proven to be responsible for 

the enhanced activity. As an novel exploration, this hybrid-junction system comprising of low-

cost, efficient charge separation and transfer, and visible light responsivity offers a new path for 

relative materials to boost their PEC performance.  

 

KEYWORDS:  

hybrid-junction, water splitting, titanium dioxide, Z-scheme, molybdenum disulfide 

 

1. Introduction  

Photoelectrochemical (PEC) water splitting system harvesting sunlight to drive uphill water 

splitting reactions has been the focus of attention due to its potential of converting sunlight into 

chemical fuels in a cost-economical and sustainable way [1-4]. In the past decades excellent 

advancement has been achieved, specially the metal oxide semiconductor has been invested greatly 

due to their intrinsic nature of the d orbital states, earth-abundance and superior PEC performance 

[5-8]. However, their PEC performance to the practical commercialization is still subjected to the 

limitations of poor charge-carrier dynamics and high recombination rate issues under the solar 

illumination [9,10]. To solve these issues, some efforts have been made to pursue reliable strategies 

in particular the search for hybrid systems [3,11-13].  
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Hetero- and homo-junctions are two distinctive approaches used in the hybrid systems[14,15]. The 

designing of hetero-junction is a well-established approach as it holds great potential to overcome 

the drawbacks of serious charge recombination and limited visible-light utilization [16], typically 

involving building an advanced two-step (Z-scheme) system. The Z-scheme system composed of 

two semiconductors with desired band gaps and energy positions ensure that the separated 

electrons and holes transport only in opposite directions toward surface for preferred reactions, 

minimizing deleterious recombination and undesirable side reactions [17, 18]. Z-scheme construction 

can not only regulate charge transfer pathways but also increase the sunlight utilization through 

the series connected two semiconducting materials with narrow bandgap absorbing visible light 

[19,20]. As an example, there have been reports that Z-scheme hetero-junction of MoS2/TiO2 with 

CdS quantum dots can effectively improve the catalytic activities under the visible light irradiation 

as the result of beneficial charge interaction in the interface [21]. Recent studies have also 

demonstrated that the excellent catalytic activity in the heterojunctions of MoS2/TiO2 is related to 

the strong interaction between the MoS2 and TiO2 
[22-27].  

On the other hand, the construction of homo-junction (phase-junction) is an alternative 

configuration access to charge separation because the formation of homo-junction between two 

distinct phases can adjust the transport of the charge carriers along the inter-phases band alignment 

[9]. For example, it has been reported that surficial phase-junction between the nanoparticles of 

anatase and rutile TiO2 can enhance the water splitting activities [28]. The basic mechanism is that 

the surficial anatase/rutile phase junctions can guide the electrons or holes transferred between 

band structures of rutile and anatase TiO2, thereby facilitating separation of electron-hole pairs and 

catalytic activities [28-30]. 
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Although configuring hetero-junction or homo-junction is well explored, the potentials of 

integrating hybrid-junction comprising of hetero-junction and homo-junction into a single 

photoelectrode is still lack of investigation, especially in terms of the impact on charge carrier 

dynamics. In the heterogeneous system, the doping of foreign elements [31-33] was explored to 

provide multi-channel paths for improving the charge-carrier dynamics. In this study, we propose 

a facile strategy of building hybrid-junction to improve the catalytic activity of photocathode under 

visible light. We demonstrate that integration of homo-junction and hetero-junction on the bulk 

metal substrate as a simple but effective strategy could effectively fast the performance of charge 

separation, transfer and transportation dynamics at the interface and reduce charge carrier 

recombination in the bulk and at the surface.  

We fabricated hybrid-junction of MoS2/TiO2 by hetero-coupling MoS2 and homo-junction 

(mixed-phases) TiO2 on the substrate of Ti foil. The hybrid-junction MoS2/TiO2 exhibits high 

activities under a visible light irradiation (AM 1.5G illumination of 300 W/m2) with hydrogen 

evolution reaction (HER) potential of -114 mV versus reversible hydrogen electrode (RHE) at 10 

mA/cm2, as well as long-term stability for more than 12 hours at -0.3 V vs RHE while comparing 

to about 1 hour without the introduction of hybrid-junction under same measurement conditions, 

more than 10 times improvement. The homo-junction TiO2 thin layer on the substrate of Ti was 

synthesized through simple one-step thermal annealing process, different from traditional 

synthesis using hydrothermal or sol-gel methods [34-36]. The characterization on the HER activities 

suggest the homo-junction TiO2 on the substrate of Ti could facilitate charge separation and 

transportation under the visible light illumination. After the hetero-coupling with MoS2 

constructed as hybrid-junction system, this cathode composite of MoS2/TiO2 on the substrate Ti 

exhibit higher activity and stability during the HER. The underlying charge transfer analysis 
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elucidated that the hybrid-junction of Z-scheme hetero-junction and homo-junction plays 

important roles in the excellent performance.   

2. Experimental section 

2.1. Materials 

Commercially Molybdenum disulfide (MoS2) microflakes liquid-spraying was purchased from 

CRC Industries Americas Group. Titanium foils (Ti foils, 30 mm × 14 mm × 0.5 mm, 99.8 % 

purity) were cut out from Ti sheet, which was purchased from Baoji Titanium Industry Co., LTD. 

Ethanol, acetone, isopropanol and deionized water were obtained from Sigma-Aldrich without 

further purification.  

2.2. Preparation of homo-junction TiO2 and MoS2/TiO2 composite electrodes 

The fabrication consists of oxidation, spraying and annealing processes. Initially, Ti foils were 

cleaned by immersing the foils into the acetone rinsed by ultrasonic bath and subsequently dried 

in flowing nitrogen gas. After the initial cleaning step, Ti foils were oxidized at 400, 500 and 600 ℃ 

for 2 hours with oxygen gas continually flowing through the quartz tube furnace to generate a thin 

layer of homo-junction TiO2 on the surface of the Ti foil (Figure S1). Following the oxidation step, 

commercial lubricating MoS2 spray (CRC Industries) was applied to the TiO2/Ti, followed by 

baking at 100 ℃ in the oven with ambient atmosphere for 10 hours to ensure that all the solvent is 

evaporated. In the last annealing process, the pristine MoS2/TiO2/Ti foils were annealed at 500 ℃ 

for 1, 2, and 3 hours, respectively in Nitrogen atmosphere under ambient pressure and cooled to 

the room temperature.  

2.3. Physical Characterization 

Surface morphology of as-prepared samples was examined by field emission scanning electron 

microscopy (FESEM) (Hitachi, SU 8230) equipped with energy-dispersive X-ray spectrum (EDS) 
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and electron backscatter diffraction (EBSD) microstructural-crystallographic characterization. 

Atomic force microscopy (AFM, Parker XE 200) was used to visualize surface the topography of 

samples on the nanometer scale. UV-Vis light absorption spectra of the as-prepared samples were 

obtained using a SHIMADZU, UV-2600 spectrophotometer equipped with an integrated sphere 

assembly using diffuse reflection method. BaSO4 was used as a reference to measure all samples 

in the wavelength range of 250 - 800 nm with a slit width of 1 nm. X-ray diffraction (XRD) patterns 

were collected on a Bruker D8-Advance diffractometer using Cu Kα radiation (λ = 1.5405 Å) in a 

range of 2-80° at a scan rate of 5°/min. Photoluminescence (PL) spectra were performed in the 

FS5 Spectrofluorometer of Edinburgh Instruments by focusing the laser radiation centered at 400 

nm from an Xeon lamp onto the samples.    

2.4. Photoelectrochemical Measurement 

PEC/Electrochemical measurements with/without simulated solar light illumination were 

performed and evaluated in a standard PEC three electrodes setup which is connected to 

electrochemical workstation (Zahner Elektrik IM6). The incident light was filtered through AM 

1.5G solar simulator over an adjustable 500 W Xeon lamp (AM 1.5G, 300 W/m2). The as-prepared 

composites, platinum gauze and Ag/AgCl with saturated KCl solution were used as working, 

counter and reference electrodes. In the text, the measured potentials vs. Ag/AgCl were all changed 

to the RHE scale based on the Nernst equation: ERHE=EAg/EAgCl + pH * 0.059 + 0.1976. All the 

current density reported in the work were calibrated using IR compensation, where the R 

(resistivity) was estimated by electrochemical impedance spectroscopy (EIS) with a frequency 

ranging from 10 Hz to 1 M Hz.  

Linear scanning voltammetry measurements were carried out in 0.5 M H2SO4 at a constant scan 

rate of 20 mV/s over the potential range of -0.6 - 0 V (vs RHE). A long-term stability test for 
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MoS2/TiO2 and MoS2/Ti were conducted by an extended electrolysis (15 hours) under dark or light 

conditions at a constant reduction potential of -0.3 V vs RHE. EIS test were carried out at open-

circuit potential by applying an AC potential with amplitude of 50 mV during the frequency range 

of 4 × 105 to 10-3 Hz in 0.5 M H2SO4 with/without the AM 1.5G illumination (300 W/m2). Mott-

Schottky plots were obtained at frequencies of 5, 10 and 15 kHz and amplitude of 10 mV in 0.5 M 

H2SO4 solution under the dark or light conditions. In addition, current density-voltage (J-V) 

characteristic in an anodic direction was acquired at a scan rate of 20 mV/s. The measurements 

were carried out in a solution of Na2SO4 (pH 6.8) and subsequently in another solution of 1 M 

KOH (pH 13).  

3. Results and discussion 

3.1. Homo-junction TiO2 on the substrate of Ti 

Homo-junction TiO2 was synthesized on the surface of Ti foil using simple one-step annealing 

process, as presented in the experimental section. The presence of homo-junction (mixed-phases) 

TiO2 on the surface of Ti foil after the annealing process was determined by X-ray diffraction 

(XRD) and electron backscatter diffraction (EBSD). Figure 1a shows the XRD patterns of TiO2 at 

temperature ranging from 400 ℃ to 600 ℃, in which both anatase or rutile TiO2 could be observed 

(Figure S2). Figure 1b presents the EBSD mapping, clearly showing the mixed-phases orientation 

mapping on the surface with assorted colors.  

Figure 1c shows the UV-Vis absorption spectra, indicating a strong resonant visible light 

absorption peak around 480 nm at 500 ℃ [37-40]. Figure 1d further shows the UV-vis absorption 

spectra, in which the absorption edge wavelength of material moves to the infrared light area in 

the direction of longer wavelength as the processing temperature increases gradually, confirming 

the dependence of resonance absorption wavelength on the microscopic changes of surficial 

ACCEPTED M
ANUSCRIP

T



 9 

mixed-phases TiO2 induced by the elevated thermal treatment in the temperature range (Figure S4) 

[37, 41]. 

Figure 2 show J-V plots of proton reduction with/without AM 1.5G illumination and 

corresponding Tafel slope values. Figures 2a-c show J-V curves measured in dark and light 

respectively. As seen from these figures, TiO2/Ti (400 ℃) and TiO2/Ti (500 ℃) exhibit better 

reduction activities under the light condition, while TiO2/Ti (600 ℃) itself shows a poor reduction 

current under light, even worse than that in dark. This difference is consistent with the differential 

absorption spectra in the Figure 1c. For the TiO2/Ti (500 ℃), an overpotential of 216 mV at 10 

mV/cm2 was achieved under the application of light, almost 50% improvement comparing to the 

403 mV under the dark condition, suggesting that TiO2/Ti (500) has better PEC activities in the 

visible light range. Figure 2d presents the Tafel slope for the TiO2/Ti under the dark and light, in 

which the TiO2/Ti (500 ℃) has a lower Tafel slope value of 159 mV/decade, and thus was better 

activity than the others. Since the Tafel slope value is close to the Volmer reaction regime (120 

mV/decade) [42,43], the rate-limiting step here is the electrochemical adsorption step due to a limited 

amount of surface active sites.  

3.2. Hybrid-junction MoS2/TiO2/Ti electrode  

The investigation suggests that the homo-junction TiO2 on the substrate of Ti has favourable 

charge transfer features under the visible light illumination but is restricted by the deficient surface 

sites which could increase the rate of interfacial charge transport. To eliminate the deficit, the 

homo-junction TiO2 was covered by hand-spraying thin layer of commercial MoS2, forming a 

functional complementary hetero-junction system. In addition to the merits of containing no 

precious metals and earth abundance, MoS2 with large amount of edges could also offer enough 

active sites for HER activities [7,44]. The commercial MoS2 nanoflakes liquid-spraying received our 
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attention due to the universal of this method enabling easy-fabricating hetero-junction system. 

Figure 3(a) shows the facile and cost-efficient processes for fabricating the novel hybrid-junction 

MoS2/TiO2. All the prepared samples at different processes are noted respectively as Ti (A), homo-

junction TiO2/Ti (B), pristine MoS2/TiO2/Ti (C) and annealed MoS2/TiO2/Ti (1h/2h/3h) (D/E/F).  

Figure 3(b) shows SEM top-view images of the TiO2 (sample B), pristine MoS2/TiO2/Ti (noted 

as MoS2/TiO2, sample C) and annealed MoS2/TiO2/Ti (MoS2/TiO2, sample D, E and F). The 

morphology of the materials TiO2 on the surface is shown in Figure 3 (b)-B. The as-received 

(without thermal treatment) pristine MoS2 shows rough and irregular surface morphology. Upon 

annealing at 500 ℃ in the nitrogen atmosphere, much more dense structure with small pores on the 

surface is observed in the sample E, mainly due to the thermal treatment which crystalizes the 

surficial MoS2 microflakes [43]. Favouring the specific surface area, these top-porous networks 

offer more edge sites allowing for HER reactions [45]. Furthermore, the thin layer of continuous 

network structure on the surface provides an accessible tunnel for light penetrating to the inner 

part of TiO2. After longer annealing time, the undersigned damage to the surface structure could 

be observed as the potholes in the surface of sample F. Figure S6 show the energy dispersive X-

ray spectroscopy (EDS) mapping, confirming that the Ti, O, Mo, and S species existed in the multi-

layered film composites. To verify the thickness of MoS2 and the MoS2 wrapped on the surface of 

particles, a cross-sectional FESEM analysis was conducted (Figure S7a, b). The FESEM images 

show distinct wrapping of MoS2, with measured thickness of 1.30 um (MoS2 pristine) and 400 nm 

(MoS2 2h). Element-specific analysis was performed by the dedicated Line-scan EDS along the 

direction of bottom to surface (Figure 1c), indicating existence of the material of MoS2. The 

morphology of MoS2 wrapped on the surface of particles was further confirmed by AFM surface 

topology (Figure S7d). 
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Figure 3(c) shows the XRD patterns of five as-prepared hybrid-junction samples. Before 

spraying MoS2, the peaks of (112) and (204) facets of anatase TiO2 and (111) facet of rutile TiO2 

could be observed in Figure 3(c)-B (Anatase PDF 00-021-1272; Rutile PDF 00-021-1276). After 

annealing, the diffraction characteristic peaks of TiO2 are still observed in the patterns of 

MoS2/TiO2 composites with grown crystallite size and strength after the thermal treatment. The 

peaks centered at 26° and 28.7° can be assigned to (101) facet of anatase TiO2 and (110) facet of 

rutile TiO2 (Anatase PDF 00-021-1272; Rutile PDF 00-021-1276). For MoS2, the detected signals 

located at 29.5°, 44.6° and 60.5° are assigned to (004), (006) and (110) (MoS2 PDF 01-087-2416) 

respectively with increased crystallinity along with increasing annealing temperature [46]. The 

crystal phase information on the TiO2 and MoS2 suggests the hetero-junction composite consisting 

of MoS2 and mixed-phases TiO2 based homo-junction.  

The HER activities of MoS2/TiO2 were measured and compared with that of the MoS2/Ti. Figure 

4a presents photo-current of the obtained dark-current and photo-current (Figure S8(a-c)), in which 

the MoS2/TiO2 (500 ℃ 2h) exhibited higher photo-current during the HER under the light 

irradiation than the rest, and excellent HER activities with overpotential of -114 mV at 10 mA/cm2. 

The improved overpotential is much lower than that of latest reports, such as 0D(MoS2)/2D(g-

C3N4) heterojunctions (about -450 mV at 2 mA/cm2) [18], a-MoSx@MPA colloidal nanodots (about 

-270 mV at 5 mA/cm2) [47] and high-percentage 1T-phase MoS2 nanodots (about -180 mV at 10 

mA/cm2) [48]. It is even comparable to that of MoS2 with multifunctional active sites (around -100 

mV at 10 mA/cm2 in 1.0 M aqueous KOH) [49]. To examine the role of homo-junction TiO2 in the 

hetero-junction, the HER activities of MoS2/Ti without introducing homo-junction TiO2 was also 

measured. Figure S8d shows the current density under the dark and light condition during the HER 

for the MoS2/Ti. The current density under the light is almost overlapped with the current density 
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under the dark, indicating a poor visible light utilization. Thus, the homo-junction TiO2 plays a 

crucial role on promoting the HER activities of MoS2/TiO2 after thermal treatment. Figure 4b 

presents the Tafel slope for the MoS2/TiO2 (500 ℃ 2h), with a value of 99 mV/decade under the 

light, much lower than the Tafel slope value 159 mV/decade of TiO2/Ti shown in the Figure 2d. 

The Tafel slope value is much closer to the Heyrovsky reaction regime (40 mV/decade), therefore 

the rate-limiting step is changing from the electrochemical adsorption step to the desorption step 

due to the covered MoS2 
[43]. In addition, in contrast to the HER activities of singular TiO2 (TiO2/Ti, 

Figure 2c) and MoS2 (MoS2/Ti, Figure S8d), the hetero-junction of MoS2/TiO2 exhibits lower 

overpotential and higher current under the light, suggesting that the hetero-junction interface 

between the homo-junction TiO2 and MoS2 also contributed to the charge separation and transfer, 

and then hastened the reaction kinetics.  

A long-time stability test for MoS2/TiO2 (500 ℃ 2h) was also carried out. Figure 4c shows the 

current density measured during an extended electrolysis (15 hours) under the light at constant 

potential of -0.3 V (vs RHE), in which only 5% current density decay was observed after 12-hours 

continuous test under the light for the MoS2/TiO2 (500 ℃ 2h). For comparison, Figure 4d and 

Figure 4e present the stability test for both MoS2/TiO2 without illumination and MoS2/Ti with 

illumination. Almost 30% current decay was obtained for the MoS2/Ti under the light, 

demonstrating a faster degradation rate than that of MoS2/TiO2 with/without illumination. 

Figure 4f further shows the HER polarization curves before and after 10 hours stability test for 

the MoS2/TiO2 with/without the light, in which the current curve under the dark after 10 hours 

stability measurement displays similar and repeatable features as the initial test before stability test. 

While a larger deviation in the current was observed under the light condition, indicating that the 

stability under the light is slightly weaker than that under the dark. We attribute the reason for the 
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stability difference between the dark and the light to the photoinduced corrosion process on the 

edge sites or defect sites of the MoS2 under the light exposure [50], because the faster and stronger 

reactions happened during the HER under the light. EIS was used to examine the impedance 

difference. Figure S9 shows the EIS plots, in which a smaller semicircle of the arc line was 

exhibited for the MoS2/TiO2 (500 ℃ 2h) under the light comparing to that under the dark, indicating 

better interfacial charge-transfer kinetics [43,44]. Meanwhile, a concave arc-line representing intense 

diffusion of ions of the interface between electrolyte and electrode was observed for the MoS2/Ti 

under the light [51,52], suggesting poor charge-transfer property which is in agreement with a weak 

PEC activities. It should be noted that the high stability of the hybrid-junction of MoS2/TiO2 is 

comparable to other reported junctions such as MoS2/TiO2, nanojunction of (001) Facets 

MoS2/Anatase TiO2 (cyclic H2 production for 9 hours) [53], heterojunction of MoS2/anatase TiO2 

(recycle degradation of MB for 5 hours) [4]
, and MoS2/TiO2 Edge-On Heterostructure (12 hours 

recycling photocatalytic H2 evolution with intermittent evacuation) [26].  

3.3. Discussion  

Figure S10 a,b shows the UV-Vis absorption spectra of TiO2 and MoS2 respectively, in which 

the absorption edges of TiO2 and MoS2 were found to be 760 and 990 nm respectively, 

corresponding to the direct band gap energy (Eg) of 1.63 eV and 1.25 eV derived from Beer–

Lambert law [37] as shown in the Figure S10c. The narrower bandgap energy of homo-junction 

TiO2 compare with the pure anatase phase (3.20 eV) and rutile phase of TiO2 (3.03 eV) [54] could 

be attributed to the monolithic homo-junction TiO2. To further understand the band positions, 

Figure S11 presents the Mott-Schottky plots of the TiO2 and the MoS2/TiO2 (500 ℃ 2 h) (the inset 

in Figure S11), in which the positive slopes of Mott-Schottky indicate n-type TiO2 and MoS2
 55. 

The labeled flat-band potentials are pointing at the difference between Fermi levels and water-
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oxidation potentials. We assumed that the Fermi levels were close to the conduction band, ignoring 

the slight difference between the Fermi levels and conduction band which has no effect on the 

analytical conclusion. Based on this, we propose an energy diagram of charge-carrier generation, 

separation and migration processes for the hybrid-junction MoS2/TiO2 on the Ti substrate as 

illustrated in Figure 5. The detailed Z-scheme mechanism are illustrated in the Figure S12 and 

explained as follows. 

In general, the MoS2/TiO2 composite shall be working as typical staggered gap (type II) 

heterojunction under usual double paths of charge transferring [56-59]. Guided by the matched 

bending band between the MoS2 and TiO2, an inner potential difference induced electric field 

would be created. The electrons from the conduction band (CB) of MoS2 could transfer to the CB 

of TiO2; in the meantime, the holes would tend to transfer from the valance band (VB) of TiO2 to 

the VB of MoS2. Given the fact that the CB potential of homo-junction TiO2 is more positive than 

the standard proton reduction potential of H2/H2O (0.00 V Vs NHE), thereby protons cannot be 

thermodynamically reduced to hydrogen. Similarly, since the VB potential of MoS2 is more 

negative than that of O2/H2O (1.23 V Vs NHE), thus the oxygen evolution reaction is prohibited. 

However, enhanced HER activities and stability were achieved in the work. Therefore, it is 

proposed that a direct Z-scheme catalytic mechanism is established. Under the mechanism, the 

built-in static electric field would guide the electrons from the CB of homo-junction TiO2 

transferring to the interface to combine with the active holes from the VB of MoS2, thus preventing 

the electrons in the CB of homo-junction TiO2 from the strong reducibility and the holes in the VB 

of MoS2 from the oxidizability. Thus, an enhanced HER activities could be achieved on the hybrid-

junction of MoS2/TiO2. 
[60] 
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For the hetero-junction of MoS2/TiO2, to further ascertain that the underneath homo-junction 

TiO2 on the substrate of Ti still has resonant visible light responsivity during the HER, we applied 

the linear sweeps (J-V) in anodic direction as shown in Figure S13 under the dark. The oxygen 

evolution reactions (OER) was observed as gas bubbles in the electrolytes. Note that, once the gas 

bubbles were generated out of the surface, the surficial MoS2 would delaminate from the surface 

due to the fact that the OER just taking place on the active sites of inner TiO2. Once irradiated by 

light, the observed delamination process became much more severe so that deteriorating of MoS2 

flakes was observed. The reason could be due to the TiO2 harvesting light energy resulted in the 

accelerated OER. These findings confirm that the ions and visible light can interacting with the 

underneath TiO2, possibly owing to surficial porous MoS2. Therefore, the underneath homo-

junction TiO2 on the substrate of Ti could absorb the visible light and convert the light energy 

during the catalytic reactions.  

The interface between the TiO2 and Ti in the hetero-junction of MoS2/TiO2/Ti also plays an 

important effect on the overall charge carriers transfer and separation while restraining the 

recombination which resulted in the photoluminescence (PL) signal. Thus, PL emission spectra 

were recorded (Figure S14) to probe the behavior of the interface. Comparing to the PL intensity 

of Ti substrate, much weaker intensity of MoS2/Ti, TiO2/Ti and MoS2/TiO2/Ti were obtained, 

suggesting the surficial decoration with MoS2, TiO2, or MoS2/TiO2 could depress the 

recombination effectively [61]. This confirms the interface is in favor of the charge separation and 

transfer between the TiO2 and Ti during the HER under the light.  

In brief, the homo-junction on the substrate of Ti and Z-scheme hetero-junction play multiple 

roles during the whole HER. First, the homo-junction TiO2 with narrow band gap can not only 

utilize visible light energy to excite the electrons from the VB to CB, but also acquire the hot 
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electrons transferred at the interface of quasi-core-shell TiO2/Ti [37-40]. The homo-junction forms 

an inter-phase junction to afford the band bending, and then favoring the excited electrons toward 

the hetero-junction interface.  Second, the Z-scheme hetero-junction transports the electrons to the 

VB of MoS2, where the electrons are then excited to the CB by the sunlight energy, further 

participating into the HER on the active sites of MoS2. Furthermore, the Z-scheme connection 

provides excellent protection on the MoS2 through directing the photo-excited holes in the VB of 

MoS2 toward the hetero-junction interface space meeting with the electrons from the CB of TiO2, 

preventing the MoS2 from the photo-excited holes induced corrosion and therefore imparting a 

higher stability to the system [62]. In turn, the upper MoS2 layer also acts as protective material for 

the underneath TiO2. The low cost of Ti and MoS2 with simply fabrication processes makes them 

favorable to demonstrate our hybrid-junction scheme. The optimization for the processes and 

manipulation should result in better HER performance and enhanced the visible light utilization, 

like modifying the thickness of MoS2 
[63-65].  

 

Conclusions 

Novel hybrid-junction MoS2/TiO2/Ti photocathode was fabricated by a facile process that 

combines thermal oxidaiton and hand-spraying. This hybrid-junction photocathode under visible 

light exhibited improved HER activities, in which the overpotential required to obtain 10 mA cm-

2 was reduced to -114 mV, as well as long-term stability was achieved for over more than 12 hours 

at -0.3 V Vs RHE while in comparison the cathode without the introduction of hybrid-junction 

only persisted about 1 hour under the same conditions. The associated homo-junction and Z-

scheme hetero-junction were attributed to the enhanced charge carrier dynamics and reduced 

recombination, therefore improved HER activities under the light. Synthesized by simple one-step 
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thermal oxidation process, the homo-junction TiO2 on the substrate of Ti with plasmonic 

resonances and charge separation ability is supposed to have more wide range of application 

capability in sunlight energy-conversion systems. The concept of hybrid-junction provides a cost-

economical strategy to regulate the charge carrier separation, transfer and transportation dynamics 

of photoelectrodes and catalysts that do hold poor characteristic under given working environment 

for practical solar water splitting.  
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Figure 1. a). XRD patterns of the as-prepared samples. b) Orientation map of mixed-phases TiO2 

marked with assorted colors using EBSD microstructural crystallographic technology. More 

parameters refer to Figure S3 (Table S1, S2 and S3). (c) Ultraviolet-visible (UV-Vis) absorption 

spectrums of all samples TiO2/Ti after 2 hours annealing process at respective 400, 500 and 600 ℃. 

(d) UV-Vis absorption spectra of a group of TiO2/Ti samples after 2 hours of annealing under 

varied temperature with distinct visible light absorption bandwidth.  
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Figure 2. (a-c) Room-temperature J-V curves of the TiO2/Ti measured in 0.5 M H2SO4 under 

respective dark and light with AM 1.5G illumination (300 W/m2). (d) Tafel plots corresponding to 

the HER polarization curves and related data for the samples.   
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Figure 3. (a). Schematic fabrication processes of all samples. Five kinds of samples involved in 

the experiments: Ti foil (sample A), TiO2/Ti (sample B), pristine MoS2/TiO2/Ti (sample C), and 

annealed MoS2/TiO2/Ti in nitrogen atmosphere at temperatures of 500 ℃ (1h/2h/3h) (sample 

D/E/F). The corresponding SEM images (b) and X-Ray diffraction patterns (c) of the as-received 

samples. 
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Figure 4. (a) Polarization curves for the composites of MoS2/Ti, measured in 0.5 M H2SO4 at a 

scanning rate of 20 mV/S under the light. (b) The corresponding Tafel plots and related data for 

the MoS2/Ti (500 2h). The long-term stability test for (c) the MoS2/Ti (500 ℃ 2h), (d) MoS2/TiO2 

under the dark and (e) MoS2/Ti under the light, respectively, during the HER at -0.3 V vs RHE for 

15 hours. (f) The HER polarization curves of the MoS2/Ti (500 2h) measured before and after the 

10 hours stability test at 20 mV/S. The figure of 500 in the figures all refers to the temperature of 

500 ℃.  
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Figure 5. Energy diagram of charge-carrier generation, separation and transportation processes 

for the hybrid-junction MoS2/TiO2 on the Ti substrate. (1) Plasmons assisted charge-carrier 

injection; (2) band-gap enabled excitation of charge-carrier; (3) Z-scheme mechanism of charge-

carrier transportation. 
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