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Abstract 

Herein, hierarchical MoSe2/1D TiO2 nanotube layer structure was successfully fabricated in a 

simple and fast fashion and its photocatalytic and electrocatalytic properties were assessed. The 

novelty of this work lies in the utilization of Atomic Layer Deposition (ALD) technique to deposit 

MoSe2 nanosheets on 1D TiO2 nanotube layers. The photoelectrochemical and photo- and 

electrocatalytic properties were explored and optimized as a function of the MoSe2ALD cycles. 

ALD allowed precise control on MoSe2 nanosheet size, and in turn, on the surface structure, which 

is pivotal for efficient catalysts. The MoSe2 nanosheets grew on both inner and outer 1D TiO2 

nanotube surface mainly perpendicularly oriented, maximizing the exposed active edges, an 

essential aspect to fully exploit the MoSe2 photo- and electrochemical properties. Outstanding 

photo- and electrocatalytic activity were recorded in both dye organic pollutant degradation and 

hydrogen evolution reaction applications, respectively. The excellent photocatalytic and 

electrochemical activity stems from the synergy between tailored ALD loading of MoSe2 

nanosheets on 1D TiO2 nanotubular structure with high surface/volume ratio, which provided fast 

electron transfer and easy access to the MoSe2 active edges, boosting the catalytic activity. 

1.Introduction 

Heterogeneous catalysis is pivotal process in a great number of industrial chemical technologies, 

environmental remediations, and also for renewable energy sources, such as fuel cells or hydrogen 

energy.1–4 The importance of heterogenous catalysis continuously increases and correspondingly 
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also the demand for efficient catalysts increases. Recently, two-dimensional (2D) transition metal 

dichalcogenides (TMDs) have emerged as suitable catalysts with enhanced selectivity, activity and 

stability as a result from the intense researching efforts devoted for the development of alternative 

2D materials to graphene.5 The main driving force behind those efforts are the unparalleled 

electronic, optical and structural properties that the 2D materials offer in comparison with their 

bulk counterparts, which provide new possibilities in a wide number of applications ranging from 

optoelectronics and nanoelectronics to sensing and catalysis.6–11 2D TMDs are very promising 

materials for catalytic applications, essentially due to their extremely enhanced surface-to-volume 

ratio and the capability of tuning their catalytically active edge sites.12,13 Furthermore, they 

represent affordable and promising alternative catalytic earth-abundant materials to replace the 

high cost and low abundance Pt group metals.14,15 2D TMDs, with the composition MX2 (M = Mo 

or W; X = S, Se, or Te), have layered structure, where a single layer is comprised of transition 

metal atoms sheet sandwiched between two sheets of chalcogen atoms. The intralayer M-X bonds 

are covalent, while the layers interact by weak van der Waals forces leading to a graphene-like 

layered structure.5 Among the 2D TDMs family, 2D MoSe2 has recently attracted growing interest 

due to its intriguing properties.16 MoSe2 exhibits two main phases, namely semiconducting 2H 

phase with trigonal prismatic coordination and metallic 1T distorted octahedral phase. Despite 

metallic properties would be highly desirable for enhancing charge transfer resistance, the metallic 

1T phase is metastable and easily converts to the stable 2H phase.17 The inherent metallic nature 

of Se, offering higher electrical conductivity than that of MoS2, has driven recently several works 

focused on MoSe2 performance into electrochemical applications such as supercapacitors.18,19 

Similarly, the graphene-like layered structure with an interlayer spacing (0.646 nm), larger than 

that of graphene (0.335 nm) and MoS2 (0.615 nm), is convenient towards reversible insertion of 



 4 

electrolyte ions in energy storage applications as alternative electrode in lithium ion and sodium 

ion batteries.20–22 Likewise, higher optical absorbance and faster photoresponse (than that of 

MoS2), have triggered strong interest in the introduction of MoSe2 into optoelectronic 

applications.23–25 In parallel, its narrow bandgap (1.33–1.72 eV), low cost, high resistance to 

photocorrosion, large active surface area, and electrochemically active unsaturated Se edges have 

been exploited by other works, which have studied the nanostructured MoSe2 performance as 

sensor and photocatalyst.26–29 More importantly, lower Gibbs free energy (close to zero) on MoSe2 

edges for hydrogen adsorption results in higher H coverage as compared with MoS2, stimulating 

the study of MoSe2 as alternative catalytic material for hydrogen evolution reaction (HER). In that 

direction, different works have reported exfoliation and solvothermal techniques for the deposition 

of 1T phase and exploitation in HER.30–32 

However, MoSe2 catalytic performance is constrained due to inactive basal planes (active sites 

only exist at the edges states), low light absorption efficiency, slow charge transfer of the intrinsic 

semiconducting 2H-phase, along with (as any semiconductor) recombination issues of the 

photogenerated electron–hole pairs. Those intrinsic limitations are addressed on the one hand by 

the fabrication of hybrid nanostructures using supporting materials for enhancing electron transfer 

and charge carrier recombination rate. Diverse substrates have been utilized to host MoSe2 and 

improve the electrocatalytic properties, including carbon nanotubes,33 carbon nanofibers,34 

graphene,35,36 fluorine doped tin oxide,37 perovskites,38 SnO2 nanotubes,39 core–shell 

MoO2/MoSe2 nanostructures,40 TiO2 nanotubes and nanoparticles.41,42 On the other hand, as the 

electrocatalytic activity is mainly ascribed to unsaturated Se edge atoms, the growth of vertically 

oriented few-layer MoSe2 nanosheets, maximizing the number of exposed Se edges and facilitating 
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ion/electrolyte transport through, would drive to a great enhancement of the MoSe2 catalytic 

performance.43 

To date, different methods have been reported for the synthesis of nanostructured MoSe2 such 

as, hydrothermal,20–22,28,29,35,37,42,44–48 solvothermal,33,34,39 liquid exfoliation,26,49 

electrodeposition,19,41 hot filament vapor chemical deposition,50 chemical vapor deposition,23–25,51 

electrochemical atomic layer deposition,52 and atomic layer deposition.53–55 Most methods 

reported successful MoSe2 synthesis, yet also display diverse limitations in controlling key 

parameters, such as the morphology, the composition and the homogeneity of the synthesized 

MoSe2. In contrast, atomic layer deposition (ALD) is a well-established bottom-up deposition 

technique based on alternating gas-surface self-limited reactions using vapor-phase precursors that 

offers an unparalleled control over the thickness and the composition of the materials deposited.56 

ALD has proven by far to be the most suitable technique of choice for depositing materials in 

uniform and conformal fashion over complex and large area substrates.57,58 A newly review 

summarized the recent progress on ALD and confirmed the suitability of such technique towards 

the synthesis of different 2D layered materials.59 

In this work, we further expand our previous works based on 1D TiO2 nanotube layers (TiO2 

NTs) combined with MoSexOy and MoS2 deposited by ALD in order to assess the 

photoelectrochemical, photocatalytic properties and the potential as anode for Li-ion 

microbatteries.60–62 Herein, we evaluated and exploited for the first time the combination of MoSe2 

nanosheets deposited by ALD on 1D TiO2 NTs and their photo- and electrocatalytic properties by 

a rationally designed hierarchical structure ALD MoSe2/1D  TiO2 NTs fabricated in a simple and 

fast fashion as illustrated in Scheme 1. 
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Scheme 1. SEM top view and schematic illustration of anodic TiO2 NTs (left) before being 

deposited by MoSe2 ALD process (center) for fabricating MoSe2/ TiO2 nanotubular heterostructure 

(right). 

 The ALD MoSe2 was deposited using MoCl5 as Mo precursor and Bis(trimethylsilyl)selenide – 

(Me3Si)2Se, whose feasibility as Se precursor was reported in our recent works.53,54 TiO2 NTs, 

characterized by the semiconducting nature of TiO2, unique tubular architecture, chemical stability 

and large active surface area, are ideal supporting platform for the deposition of MoSe2. Hence, 

promising synergistic properties can be expected and exploited for a number of applications. Thus, 

we explored and evaluated both electrochemical and photocatalytic properties of the ALD 

MoSe2/TiO2 composite nanotubular structure assessed through hydrogen evolution reaction and 

dye organic pollutant degradation applications, respectively. The high-performance results 

confirm the synergistic properties stemming from the composite nanotubular structure and 

numerous catalytically active edge sites of MoSe2. 

2. Experimental methods 

The self-organized TiO2 NTs were fabricated via electrochemical anodization of Ti foils. Prior 

to all anodizations, Ti foils were degreased by sonication in isopropanol, acetone, isopropanol and 

dried by a nitrogen jet, respectively. To obtain ~5 μm thick TNTs (2.25 cm2 macroscopic area) 
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with a diameter of ~230 nm, anodization of Ti foils (Sigma-Aldrich, 0.127 mm thick, 99.7 % 

purity) was conducted as previously reported.63 Briefly, clean Ti foils were anodized at 18 °C using 

a high-voltage potentiostat (PGU-200V, Elektroniklabor GmbH) in ethylene glycol based 

electrolyte containing 10 % water and 0.15 M NH4F at 100 V for 4 h in a two-electrode 

configuration using Ti foil as a working electrode and Pt foil as a counter electrode. After 

anodization, the TiO2 NTs were sonicated in isopropanol and dried in air. The as-prepared 

amorphous TiO2 NTs turned into anatase phase upon post-annealing process in a muffle oven at 

400 °C for 1 h.64 

The deposition of MoSe2 on annealed TiO2 NTs was carried out in a custom-made thermal ALD 

system at chamber pressure 2 mbar applying a deposition temperature of 300 °C. The Mo 

precursor, MoCl5 (Strem, anhydrous 99.6%), and synthesized Bis(trimethylsilyl)selenide – 

(Me3Si)2Se were heated up to get sufficiently high vapor pressure at 120 and 55 °C, respectively. 

The ALD process was initiated immediately after 5 pulses of ultrapure water were applied to 

increase the number of hydroxyl active sites on the substrates surface. The ALD parameters 

applied were as follows: Se precursor (400 ms) – N2 purge (5 s) – Mo precursor (400 ms) – N2 

purge (5 s). The number of cycles applied were 5, 20, 60, 180 and 540. All processes used N2 

(99.999%) as a carrier gas at a flow rate of 40 standard cubic centimetre per minute (sccm). 

The structure and morphology of the MoSe2/TiO2 NTs were characterized by field emission 

scanning electron microscope (FE-SEM JEOL JSM 7500F) and a high-resolution transmission 

electron microscope (FEI Titan Themis 60, operated at 300 keV) equipped with a high angle 

annular dark field scanning transmission detector (HAADF-STEM). A proprietary Nanomeasure 

software was used to measure MoSe2 interlayer distances and lattice spacing. 
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The surface chemical composition of MoSe2 was monitored by X-ray photoelectron 

spectroscopy (XPS) (ESCA2SR, Scienta-Omicron) using a monochromatic Al Kα (1486.7 eV) X-

ray source. Due to the strong overlapping of C 1s signal with Se LMM, the binding energy scale 

was referenced to the binding energy of Mo 3d at 228.3 eV corresponding to MoSe2.65 

X-ray diffraction (XRD) analysis was carried out using Panalytical Empyrean with Cu tube and 

Pixcel3D detector. Grazing incidence XRD was performed to obtain diffraction peaks of the as-

deposited MoSe2. Incident angle was 1 degree. The patterns were recorded in range of 5 – 65°, 

step size was 0.026 degree. 

The diffuse reflectance UV-VIS spectra were recorded in the wavelength range from 200 nm to 

900 nm using a UV-VIS spectrophotometer (UV3600Plus Series Shimadzu) with ISR-603 

integrating sphere. 

Raman measurements were acquired by Raman micro-spectrometer HORIBA LabRAM HR 

Evolution system coupled by with a confocal microscope. Measurements were taken by 532 nm 

(green) laser excitation source in the range 100-500 cm-1. All spectra were carefully corrected by 

baseline correction and noise reduction. Molybdenum selenide powder (Strem, 99.9%) was used 

as benchmark compound. Spikes were eliminated by spectra accumulation or manually in the 

LabSpec 6 software. 

The photoresponse measurements of MoSe2/TiO2 NTs were carried out in an aqueous 0.1 M 

Na2SO4 at 0.4 V vs. Ag/AgCl in the spectral range from 300 to 800 nm. A photoelectric 

spectrophotometer (Instytut Fotonowy) with a 150 W Xe lamp and a monochromator with a 

bandwidth of 10 nm connected with a modular electrochemical system AUTOLAB (PGSTAT 204; 

MetrohmAutolab B. V.; Nova 1.10 software) was used for the photoresponse measurements. 
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Photocurrent stability tests were carried out by measuring the photocurrent produced under 

chopped light irradiation (light/dark cycles of 10s). 

The photocatalytic degradation activities of all samples were evaluated using photodegradation 

of methylene blue solution (MB, initial concentration 1 x 10-5 M). Prior to all measurements, to 

achieve a dye adsorption/desorption equilibrium, the samples were immersed in 3.5 mL of the MB 

solution for 60 min with constant stirring. Afterwards, the samples were irradiated by a LED-based 

UV lamp (10 W, λ=365 nm ± 5 nm) and VIS lamp (10 W, λ=410-425 nm), and the absorbance of 

the MB solution was periodically measured (10 or 30 min steps) by a UV-VIS spectrometer (S-

200, Boeco) at a wavelength of 670 nm to monitor the degradation rate. 

The electrocatalytic activity of the different MoSe2/TiO2 NTs catalyst towards HER was 

examined in a standard three electrode setup by cyclic voltammograms (CV) in 0.5 M H2SO4 in 

the potential range from +0.1 V to -0.8 V vs Ag/AgCl; in 1 M KOH the potential range applied 

was from +0.1 V to -1.7 V vs Ag/AgCl. The scan rate was 2 mV/s. The first negative scan for all 

MoSe2/TiO2 NTs layers is shown in the polarization curves. 

Chronoamperometry was carried out for the TNT layers coated with 60 cy MoSe2 in 0.5M H2SO4 

at -400mV for 26 hours. The potential was chosen more negative than the potential required to 

deliver a current density of 10 mA in the corresponding polarization curve. The potentials were 

converted to the reversible hydrogen electrode (RHE) scale by using the following equation: 

ERHE =E + (0.059 V) pH + E0
ref vs SHE (1) 

with E0
ref vs SHE = 0.237 V, being the standard potential of the Ag/AgCl reference electrode vs 

the standard hydrogen electrode (SHE). 

 

3.Results and discussion 

3.1 Characterization 
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The structure and morphology of the MoSe2/TiO2 NT composites were characterized by 

scanning electron microscopy (SEM), as shown in Figure 1. In the case of TiO2 NTs decorated 

with 20 and 60 MoSe2 ALD cycles, MoSe2 nanosheets could not be visualized by SEM given their 

too small dimensions as shown in Figure 1a-b and c-d, respectively. The 180 MoSe2 ALD cycles 

samples, exhibited smaller discrete flaky nanosheets homogenously distributed decorating the 

TiO2 NTs surface. The 540 MoSe2 ALD cycles samples showed flaky MoSe2 nanosheets with 

dominant out-of-plane orientation, which covered completely the TiO2 NTs surface. Overall, SEM 

top view images in Figure 1 confirmed the presence of flaky MoSe2 nanosheets within the TiO2 

NTs for 180 and 540 MoSe2 ALD cycles, respectively. The 20 and 60 MoSe2 ALD cycles samples 

were characterized by scanning transmission electron microscopy (STEM) along with the 

corresponding chemical mapping via energy-dispersive X-ray spectroscopy (EDX). 

Representative STEM-EDX elemental maps exhibit the chemical distribution of Mo and Se 

elements on the fragment of a nanotube wall in the cross-sectional view after 20 and 60 MoSe2 

ALD cycles, as shown in Figure 2 a and b, respectively. Homogeneous decoration with MoSe2 

nanosheets was revealed over their entire TiO2 NTs surface, including the inner bottom parts as 

showed in Figure S1. A growth rate of ~ 0.083 nm/cy was estimated based on SEM cross-section 

images in our previous work.54Additional TEM evidence in Figure S2 and S3 (see Supporting 

Information), corresponding to TiO2 NTs decorated with 20 and 60 MoSe2 ALD cycles 

respectively, provide high-angle annular dark-field (HAADF) STEM images along with 

complementary EDX elemental maps of the chemical distribution of Ti, O and TiSeMo. Detailed 

analysis of the as-deposited MoSe2 nanosheets was carried out also by high-resolution 

transmission electron microscopy (HR-TEM), 
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Figure 1. SEM top-view images at two different magnification of TiO2 NTs decorated with (a-b) 

20, (c-d) 60, (e-d) 180 and (g-h) 540 MoSe2 ALD cycles. 

which showed different periodic atom arrangement of the as-deposited MoSe2 upon 60 ALD 

cycles, as shown in Figure 2 c-d. The interlayer lattice spacing of 0.28 nm and 0.17 nm were 

unambiguously ascribed to the (100) and (110) planes, respectively, revealing in-plane hexagonal 

MoSe2 growth.38 The hexagonal structure of the as-deposited MoSe2 was further confirmed by 

Raman spectroscopy. According to the group theory analysis, hexagonal 2H MoSe2 structure 

belongs to the D6h group characterized by four Raman-active modes, three in-plane E1g, E1
2g, and 

E2
2g, and one out-of-plane A1g. Figure 3 displays the Raman spectra obtained from the MoSe2/TiO2 

NTs upon 60, 180 and 540 MoSe2 ALD cycles. Therein, one can observe characteristic Raman 
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Figure 2. STEM EDX elemental maps show the decoration of Mo and Se species on the TiO2 NTs 

wall and reveal a homogeneous MoSe2 decoration along the TiO2 NTs wall after (a) 20 and (b) 60 

MoSe2 ALD cycles. High resolution HR-TEM images of MoSe2 upon 60 ALD cycles displaying 

interatomic distances (c) of ~ 0.280 nm and (d) ~ 0.17 nm corresponding to the (1 0 0) and (1 1 0) 

plane of 2H-MoSe2, respectively. 
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peaks of MoSe2: A1g (out-of-plane) and E1
2g (in-plane) modes at ~239 and ~288 cm-1, respectively. 

The A1g mode exhibited red shift as compared to the peaks position for MoSe2 powder (242 cm-1), 

indicating the few-layered nature of the deposited MoSe2. In addition, a minor peak at ~350 cm-1 

observed for the 540 MoSe2 ALD cycles sample is assigned to the Raman-inactive mode A2
2u that 

becomes active in few-layered 2H-TMDs, as the crystal symmetry along the c-axis is lost. The 

peak A1g corresponding to 540 MoSe2 ALD cycles exhibits a shoulder attributed to second order 

Raman processes.54 The intensity of the peaks decreased along with a lower number of MoSe2 

ALD cycles, and could not be detected for the 20 MoSe2 ALD cycles sample (not showed here). 

The multiple lattice vibrational modes of MoSe2 suggested the 2H hexagonal polycrystalline 

nature of the MoSe2. The prevailing out-of-plane orientation over in-plane orientation of the 

MoSe2 nanosheets was confirmed by the difference in the relative intensities between the A1g and 

E1
2g modes observed herein for 180 and 540 MoSe2 ALD cycles samples, as described in previous 

works.43  

 

Figure 3. Raman spectra obtained from MoSe2 powder and MoSe2/1D TiO2 NTs upon depositing 

60, 180 and 540 MoSe2 ALD cycles. 
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The characterization carried out by Grazing Incident X-Ray Diffractometry (GI-XRD) confirmed 

the 2H hexagonal polycrystalline nature of the as-deposited MoSe2. The GI-XRD patterns (Figure 

S4) obtained from TiO2 NTs with 180 and 540 MoSe2 ALD cycles exhibited diffraction peaks at 

2θ ~ 13.3o and ~31o, which matched well with the (002) and (100) planes of hexagonal (2H) MoSe2 

indicating the high purity of the as-deposited MoSe2. The planes (002) and (100) also confirmed 

the coexistence of MoSe2 with out-of-plane and in-plane orientation in the case of samples with 

180 and 540 ALD MoSe2 cycles. GI-XRD patterns corresponding to TiO2 NTs decorated with 60 

(Figure S4) and 20 (data not shown) MoSe2 ALD cycles only exhibited TiO2 anatase diffraction 

peaks. The lack of MoSe2 diffraction peaks was ascribed to the small crystalline domains of the 

MoSe2 comprising the nanosheets synthesized upon such number of ALD cycles.  

 

The surface chemical composition of the as deposited MoSe2 nanosheets was analysed by X-Ray 

Photoelectron Spectroscopy (XPS) at first. Figure S5 shows the XPS survey spectra for the 

different number of ALD cycles, where the absence of other chemical species indicates the high 

purity of the as-deposited ALD MoSe2. Due to the strong overlapping of C 1s signal with Se LMM, 

the use of adventitious carbon (284.8 eV) as a reference to adjust the binding energy scale was not 

reliable. As an alternative, the binding energy of Mo 3d at 228.3 eV corresponding to MoSe2 was 

used for this purpose.65 The left column of Figure 4 shows the deconvolution of the XPS high 

resolution spectra of Mo 3d obtained from the TiO2 NTs decorated with 5, 20, 60 ,180 and 540 

MoSe2 ALD cycles. This deconvolution allowed to obtain a meaningful insight into the chemical 

composition of the ALD MoSe2/TiO2 NTs surface, in particular for the low-cycle ALD processes 

(5, 20 and 60 ALD cycles). Peak corresponding to the presence of Mo-Se-O bonds ~229.9eV 

(Mo3d5/2) was pivotal, as it verified the chemical reaction of both the Se precursor with the 
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hydroxyl groups and the subsequent reaction of the resulting chemisorbed counterpart with the Mo 

precursor. Besides, the lack of Mo-Cl species and the absence of chlorine residues indicated a 

complete ligand exchange reaction between MoCl5 and (Me3Si)2Se, yielding desired MoSe2 

structure.55 The absence of chlorine residues was also confirmed by the XPS survey spectra results 

in Figure S3. Mo(IV)-Se exhibited two peaks at 228.3 and 231.4 eV corresponding to spin-orbit 

splitting Mo 3d5/2 and Mo 3d3/2 corroborating the growth of MoSe2. Additional peaks were 

revealed with binding energies (BE) corresponding to different chemical environment. These 

peaks fitted well with the presence of Mo-O-Ti bonds at ~231eV (Mo3d5/2) and Mo(VI)-O bonds 

at ~232.3eV (Mo3d5/2), ascribed to a substrate interface effect stemming from the low-cycle ALD 

stage. Even though the Se precursor was first introduced in the chamber remaining available 

hydroxyl groups from the TiO2 NTs surface reacted with MoCl5 as it was introduced into the  
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Figure 4. XPS high-resolution spectra of Mo 3d and Se 3d deconvoluted peaks corresponding to 

5, 20, 60, 180 and 540 MoSe2 ALD cycles. 
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chamber and in line with observations in a recent work.55 The strong fading of such peaks observed 

along with the increasing number of ALD cycles, suggested that the formation of embedded MoOx 

species within the MoSe2 was limited to a substrate interface effect (the only source of hydroxyl 

groups). The right column of Figure 4 shows corresponding deconvoluted XPS high resolution 

spectra of Se 3d. This deconvolution enabled identifying the presence of i) Mo-Se-O bonds at BE 

values confirming the successful chemical reaction between both Se and Mo precursors as 

mentioned above, and ii) two main Se-Mo peaks located at 54.6 and 53.8 eV attributed to Se 3d3/2 

and Se 3d5/2 of 2H MoSe2. Additionally, the XPS spectra of O and Ti (Figure S6) show decreasing 

intensity of the characteristic Ti and O peaks along with the increasing number of MoSe2 ALD 

cycles, also observable in the XPS survey spectra (see Figure S5). The obvious cause of such 

intensity attenuation is the MoSe2 nanosheets growing on the TiO2 NTs surface along with the 

number of ALD cycles. 

3.2 Photoelectrochemical properties 

The photoelectrochemical properties of blank and ALD MoSe2/TiO2 NTs were analysed in the 

wavelength range from 300 nm to 800 nm. The corresponding incident photon-to-electron 

conversion efficiency values (IPCE) are shown in Figure S7a. In the UV region TiO2 NTs layers 

decorated with 5 and 20 MoSe2 ALD cycles displayed significantly higher IPCE values (up to 58% 

and 30% respectively) in comparison with blank counterpart (up to 16%) in the range of 300-360 

nm. This is due to the effective passivation of the surface defects (oxygen vacancies and traps) 

within the TiO2 nanotube walls upon low-cycle MoSe2 ALD stage, leading to a lower 

recombination rate and more efficient charge carrier separation.66–68 In the visible spectral region 

blank TiO2 NTs exhibited no photoresponse due to the high band gap energy of anatase TiO2 

Eg∼3.2 eV (≈ 387 nm), while TiO2 NTs decorated with 5, 20 and 60 MoSe2 ALD cycles extended 
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the photoresponse significantly. The corresponding photoresponse indicated longer lifetimes 

(lower recombination rate) of the photo-generated charge carriers, resulting in a more effective 

separation, transfer and collection of the charge carriers. The band offset at the MoSe2/TiO2 

interface and the associated built-in electric field accounted for more efficient charge carrier 

separation, as compared to the blank nanotubes. Nevertheless, it was also observed that a higher 

number of MoSe2 ALD cycles (60 and 180) yielded inferior photoelectrochemical properties in 

both spectral regions, i.e. lower IPCE values, which can mainly be ascribed to enlarged 

thickness/size of the MoSe2 nanosheets (as seen on SEM; Figure 1). It must be considered that the 

growing number of stacking MoSe2 layers negatively affect the inherent low electron conductivity 

in perpendicular direction to the basal MoSe2 planes, as well as the charge carrier separation 

efficiency. These effects significantly intensified for TiO2 NTs deposited with 180 MoSe2 ALD 

cycles, whose photoresponse was significantly suppressed. A similar shading effect was reported 

in our earlier published work based on TiO2 NTs decorated with ALD MoS2 nanosheets.62 

Photocurrent transients in Figure S7b were recorded over a range of wavelengths both in UV 

(350-370 nm) and visible (410-430 nm) region to evaluate the separation efficiency of the photo-

generated charge carriers. The photocurrent response for TiO2 NTs decorated with 5 and 20 MoSe2 

ALD cycles was higher than that of the blank counterpart. That, together with the sharp 

photocurrent density increase/drop under ON/OFF irradiation cycles, both in the UV and visible 

light regions, verified the improved charge carrier separation efficiency. Nevertheless, an increase 

in the number of ALD cycles (60 and 180) brought about lower photocurrent density and a 

characteristic delay in time photoresponse as the irradiation is turned ON/OFF, as result of charge 

recombination and sluggish charge transport kinetics. These results matched well with the 
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detrimental effects on the charge carriers transport described above resulting from a higher number 

of MoSe2 ALD cycles and the consequent growth of the MoSe2 nanosheets. 

 

 

3.3 Optical properties  

As the light absorption property is a key factor to determine the photocatalytic properties, the 

optical properties were further evaluated by diffuse reflectance spectroscopy measurements, as 

shown in Figure S8a. The resulting diffuse reflectance spectra of the MoSe2/TiO2 NTs clearly 

exhibit how the optical absorption ability increased, as compared to their blank counterpart in the 

visible light region in parallel with the number of MoSe2 ALD cycles. The Kubelka-Munk function 

F(R)= α = (1-R)2 /2R (R is the reflected light percentage and α is absorption coefficient) was used 

to estimate the effect of the number of MoSe2 ALD cycles on the optical band gap energy (see 

Figure S8b). The band gap energy was calculated using the Tauc equation, αhν = C (hν-Eg) n/2, 

where α is the absorption coefficient, h is Planck constant, ν is the light frequency, Eg is the band 

gap energy, C is a constant, and the coefficient n is n=1 for direct transition and n= 4 for indirect 

transition in a semiconductor. In the present case, n=4 was used as the base of the studied materials 

is TiO2, which is indirect semiconductor. Tauc equation could not be applied for the 180 and 540 

MoSe2 ALD cycles samples, as they were too much light absorbing. The optical band gap values, 

estimated by the x-axis intercept, were 3.01 eV (blank), 2.98 eV (20 cycles) and 2.76 eV (60 

cycles) indicating the strong influence of the number of MoSe2 ALD cycles on the band gap value 

and the light absorbance ability. All in all, the results clearly indicated that the optical properties 

of the MoSe2/TiO2 NTs were significantly determined by the number of MoSe2 ALD cycles. 

3.4 Photocatalytic properties 
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The photocatalytic activity assessment of the different MoSe2/TiO2 NTs was carried out 

monitoring the photodegradation of methylene blue solution (MB), as model organic dye, under 

UV (365 nm) and visible light irradiation (410-425 nm). Figure 5a exhibits, how the photocatalytic 

activity improved under UV light (365 nm) with the number of MoSe2 ALD cycles deposited on 

the TiO2 NTs, exhibiting pseudo-first order degradation kinetic. The corresponding photocatalytic 

kinetic rate constants (shown in Table 1) were obtained from the linear fitting of the curves (dashed 

lines): 

Ln (C/Co) = k t  (2) 

where Co and C are MB concentrations at the beginning and at time t, respectively, and k is the 

pseudo-first order kinetic rate constant.  

Table 1. Photocatalytic (pseudo-first order) kinetic rate constants (k) of MB degradation upon UV 

illumination (365 nm, LED array) for blank TiO2 NTs and MoSe2 decorated ones with different 

number of MoSe2 ALD cycles. The kinetics rate constant values were obtained by linear fitting of 

the curves exhibited in Figure 7a. 

Sample k (min-1) 

 

Blank 0.0279 

20 ALD cycles 0.0340 

60 ALD cycles 0.0487 

180 ALD cycles 0.0471 

540 ALD cycles 0.0297 

 

The MB concentration after 60 minutes for the blank TiO2 NTs, and TiO2 NTs decorated with 

20, 60,180 and 540 MoSe2 ALD cycles was reduced to 25.0%, 12.4%, 5.5% , 5.4% and 16.5% of 
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its initial value, respectively. Those results verified the synergistic effect stemming from the 

composite nanotubular structure rendering outstanding photocatalytic properties, with MB 

degradation rates enhanced up to five times, as compared to the blank counterpart. Higher light 

absorption (as shown in Figure S8 for MoSe2/TiO2 NTs) and improved separation efficiency 

resulted in greater available active species, generated from the photoexcited catalysts at the 

electrolyte-MoSe2/TiO2 NTs interface that essentially boosted the photocatalytic properties. 

Interestingly, a strong shading effect of the TiO2 NTs surface upon the deposition of 540 MoSe2 

cycles resulted in detrimental for the UV photocatalytic performance. The large MoSe2 nanosheets 

significantly reduced the TiO2 NTs surface available to absorb UV light driving to a significant 

drop of the overall photocatalytic performance. One must notice that under UV irradiation both 

TiO2 and MoSe2 exhibit catalytic activity. Therefore, in order to evaluate the photocatalytic 

activity of the MoSe2 nanosheets, MB degradation was performed under visible light illumination, 

where TiO2 is catalytically inactive (due to its wider band-gap). The results in Figure 5b displayed 

the MB degradation under visible light irradiation (410-425 nm). The MB concentration after 120 

minutes for TiO2 NTs decorated with 20, 60,180 and 540 MoSe2 ALD cycles was reduced to 

25.5%, 12.1%, 8.3% and 5.4% of its initial value, respectively. Interestingly, the deviation from 

first-pseudo order kinetics was observed for TiO2 NTs decorated with 20, 60 MoSe2 ALD cycles 

(see Figure 5b).  
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Figure 5. Photocatalytic decomposition rates of MB for blank and TiO2 NTs decorated with 20, 

60, 180 and 540 MoSe2 ALD cycles using (a) UV light (365 nm) and (b) VIS light (415-425 nm). 

Such behavior was already observed in vertically oriented MoSe2 nanosheets grown on reduced 

graphene oxide heterostructure for photocatalysis.69 Unfortunately, no description of such 

deviation was provided in that work. In order to determine the origin of the first-pseudo order 

kinetics deviation, the progressive MoSe2 photodegradation under the visible light illumination 

was firstly considered. The MoSe2 photostability under visible light illumination was assessed by 

reproducing photocatalytic experimental conditions by immersing a MoSe2/TiO2 NTs sample in 

distilled water for 1 h in the dark, subsequently irradiated for 2 hours by a photoelectric 

spectrophotometer with a 150 W Xe lamp at a wavelength of 420 nm (i.e. similar wavelength used 

for visible light photocatalysis). XPS high resolution spectra of Mo 3d and Se 3d conducted before 

and after the experiment (see Figure S9) revealed no (photo)degradation, which fully confirmed 

the sufficient MoSe2 photostability in an aqueous solution. Therefore, (photo)degradation could be 
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ruled out from the evaluation. An additional approach, aiming to describe the first-pseudo order 

kinetics deviation, consisted of a simple mathematical expression containing the MB degradation 

rate and time as dependent and independent variable, respectively. Using this approach, the 

experimental results (for 20 and 60 MoSe2 ALD cycles samples) were found to exhibit a √t time 

dependence following the next expression: 

Ln (C/Co) = -A √t (3) 

where ln (C/Co) is the MB degradation rate as in equation 2 and A is a coefficient, whose value 

allows best curve fitting. As ln (C/Co) is non-dimensional, it means that the units of coefficient A 

must be min-1/2. Then, the coefficient A2 (with the same units as a reaction rate coefficient of first 

order, i.e. min-1) would be related to the degradation rate, and its potential physical interpretation 

would relate to the number of available MoSe2 catalytic actives sites. The corresponding values of 

the coefficient A2 are shown in the Table S1. 

Given the good fitting of the experimental results to equation 3, a rational description of the 

photocatalytic results can be put forward based on two facts that come into play: i) under the visible 

light illumination the  catalytically active sites are confined to the MoSe2 active edges (TiO2 is no 

catalytic active under visible light), which strongly reduces the available catalytically active 

surface area; ii) the 1D nanotubular morphology inhibits partly the mass transport towards MoSe2 

catalytically active sites.  

Assuming these facts, a diffusion-controlled process was considered, where surface reactions 

(MB adsorption/desorption processes) influence the overall rate and possess the rate determining 

step in the photocatalysis under visible illumination for 20 and 60 MoSe2 ALD cycle samples. This 

is especially pronounced, when the MB concentration decreases after some tens of minutes of 

illumination (displayed by the deviation from the pseudo-first order kinetics). Thus, when a MB 

molecule (of a low MB solution concentration) at the very surface of a particular available MoSe2 
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nanosheet gets decomposed (to some by-products), new MB molecule needs longer time to adsorb 

there and get decomposed, compared to situation of high MB concentration and high number of 

catalytically active sites. This explains the deviation from the pseudo-first kinetics. Remarkably, 

in the case of 180 and 540 MoSe2 ALD cycles, experimental data showed better fitting using linear 

regression, i.e. the MB degradation process was closer to follow pseudo-first order degradation 

kinetic. Someway, it could be expected, as upon 180 and 540 MoSe2 ALD cycles, TiO2 NTs 

surface is mostly covered by MoSe2 nanosheet that provide their active sites for the MB reduction. 

In parallel, one can expect that larger MoSe2 nanosheets offer higher number of catalytic sites 

leading to superior photocatalytic performance, as exhibited by the TiO2 NTs with 180 and 540 

MoSe2 ALD cycles.  

As to the chemical and physical stability of the MoSe2/TiO2 NTs after photocatalytic 

performance, it was evaluated and verified by XPS and SEM analysis respectively, as shown in 

Figure S10. XPS analysis (Figure S10a) revealed good chemical MoSe2 stability exhibiting a very 

minor oxidation, while SEM images (Figure S10 b-c) confirmed the physical stability of both the 

TiO2 NTs and the MoSe2 nanosheets. The photocatalytic performance of ALD MoSe2/TiO2 NTs 

was found superior as compared to different works in the literature, reporting degradation of MB 

on various MoSe2 nanostructured surfaces, as shown in Table S2, always considering that that the 

results compared were measured under different experimental conditions. 

 

3.5 Electrocatalytic properties 

As already mentioned in the introduction, the Gibbs free energy for H2 adsorption on MoSe2 

edges, estimated by theoretical calculations, is close to zero, which leads to a high hydrogen 

adsorption. Therefore, the hydrogen evolution reaction (HER) catalytic activity of the MoSe2/TiO2 
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NTs decorated with different number of ALD MoSe2 cycles was studied both in acidic (0.5 M 

H2SO4) and alkaline (1 M KOH) solutions using a three-electrode electrochemical cell set-up. The 

current densities were normalized to the macroscopic surface area of the samples exposed to the 

solution and potentials were quoted against the reversible hydrogen electrode (RHE). 

Regarding the HER process in acidic solution, the adsorbed hydrogen is formed in a first step 

via the reduction of hydronium ion (H3O+) on an active site of the catalyst in the discharge step or 

Volmer reaction (equation 4), followed by the formation of molecular H2, which can proceed either 

through an electrochemical desorption via the transfer of a second hydronium ion (Heyrovsky step, 

equation 5) or by the recombination of two adsorbed protons (Tafel step, equation 6): 

H3O+ + e− + * → H ads + H2O (4) 

H ads + H3O+ + e− → H2 + H2O  (5) 

2H ads → H2 (6) 

where * denotes an active site on the catalyst surface and H ads an adsorbed hydrogen atom on a 

catalyst active site. Figure 6a displays the HER polarization curves within a cathodic potential 

window obtained in 0.5 M H2SO4 solution. The overpotential values required to deliver a current 

density of 10 mA cm-2 decreased considerably related to the blank TiO2 NTs, confirming, that the 

incorporation of MoSe2 significantly enhanced the electrocatalytic properties. The corresponding 

overpotential and Tafel slope values are displayed in Table 2.  

Table 2. Overpotential at the cathodic current density of 10 mA cm−2 and Tafel slope obtained for 

the TiO2 NTs decorated with different number of MoSe2 ALD cycles in 0.5 M H2SO4 solution. 

Sample Overpotential (mV) Tafel slope (mV/dec) 

20 ALD cycles 302 101 

60 ALD cycles 261 96 
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180 ALD cycles 229 75 

540 ALD cycles 258 76 

 

Principally, a higher number of MoSe2 ALD cycles brought about lower overpotential and Tafel 

slope values. It indicated an improvement of the HER rate, which was ascribed to the increasing 

number of MoSe2 edges sites (active catalytic sites) offered by larger MoSe2 nanosheets. 

Unexpectedly, the sample containing 540 MoSe2 ALD cycles exhibited an increasing overpotential 

value with respect to the sample with 180 MoSe2 ALD cycles, indicating lower electrical 

conductivity and ascribed to larger MoSe2 nanosheets composed of a higher number of stacked 

layers. In parallel, the kinetics rate did not show an improvement as one could expect related to a 

higher number of edges active catalytic sites. As shown in Figure 6b, the lowest Tafel slope of 75 

mV/dec was obtained from the TiO2 NTs deposited with 180 MoSe2 ALD cycles. The reason 

behind could be similar to those described above, i.e. that despite offering higher number of edges 

sites due to the significantly larger size of the MoSe2 nanosheets (upon 540 ALD cycles), the 

access/availability to the edge sites could be limited due the nanosheet morphology. The random 

growth of the MoSe2 nanosheets (vertically/planar oriented) disables the access to some catalytic 

active edges (that remain passive), and has a negative impact on the transport of reactants and by-

products through (i.e. there are mass diffusion limitations). Then, the reaction rate could be mainly 

limited by the accessibility to catalyst active sites and mass diffusion limited of reactants and 

byproducts. 

Outstanding electrochemical stability of the MoSe2/TiO2 NTs was demonstrated after 300 CV 

cycles as shown in Figure 6c. In addition, chronoamperometric measurements were conducted for 

a more exhaustive assessment of the long-term stability of ALD MoSe2/TiO2 NTs in 0.5 M H2SO4 

by applying a constant overpotential value of -400 mV for 26 hours, as shown in Figure 6d. The 
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long-term stability of the catalyst was confirmed showing a good current density retention 

verifying the electrochemical stability of the MoSe2/TiO2 NTs. The physical stability of the 

MoSe2/TiO2 NTs after electrocatalytic performance was confirmed by SEM images (Figure S11 

a-b) where one can observe the total integrity of both the TiO2 NTs and the MoSe2 nanosheets. 

Table S4 exhibits a comparison of characteristic HER catalytic parameters reported for a set of 

heteronanostructures based on MoSe2 as (co)catalyst employing different supporting materials.  
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Figure 6. (a) HER polarization curves obtained for TiO2 NTs decorated with different number of 

MoSe2 ALD cycles and (b) the corresponding Tafel plots in 0.5M H2SO4 solution. (c) LSV 

polarization curves corresponding to 1st and 300th CVs, obtained using TiO2 NTs decorated with 

180 MoSe2 ALD cycles. (d) Retention current density conducted over 26 hours applying an 

overpotential value of -400 mV using TiO2 NTs decorated with 60 MoSe2 ALD cycles. 

In order to obtain a complete evaluation on the catalytic ability of the different samples, the HER 

catalytic activity was performed in alkaline solution (1 M KOH). Unlike in acidic solution, in 

alkaline solution the water molecule plays the role of hydronium ion. As the first step is the water 

dissociation, the HER is usually two or three orders of magnitude slower than in acidic solution: 

2H2O + e− + * → 2H ads + 2HO- (7) 

H ads + H2O + e− → H2 + OH-  (8) 

2H ads → H2   (9) 

Figure S12a and b display the HER polarization curves within a cathodic potential window and 

the corresponding Tafel slopes obtained in 1 M KOH solution, respectively. Similar to results 

obtained in the acidic solution, the overpotential values, required to deliver a current density of 10 

mA cm-2, diminished considerably as compared to blank TiO2 NTs. That suggest a higher number 

of catalytic active sites provided by the MoSe2 enhance significantly the electrocatalytic properties. 

Nevertheless, the lowest Tafel slope, was exhibited by the sample with lowest number of MoSe2 

ALD cycles (20 cycles), which, in turn, offered the highest anatase TiO2 (101) available surface. 

The ability of anatase TiO2 (101) to adsorb and dissociate water must be noted and would suggest 

that in alkaline solution anatase TiO2 could play an important role in HER process.70 Thus, the 

preferential mechanism for water dissociation on anatase TiO2 (101) surface is found to be the 

splitting of the H-OH bond, what is the first step of the HER in alkaline solution. Therefore, higher 
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available anatase TiO2 (101) surface would trigger the HER process in accordance with the results 

observed. The corresponding overpotential and Tafel slope values are displayed in Table S3. 

However, fast catalytic performance decay was depicted by overpotential shift towards more 

negative values after several consecutive CV cycles as displayed in Figure S12c. The sample 

showed clear visual differences as shown in Figure S12d. The sample surface area in contact with 

the alkaline solution (denoted by blue dashed line in Figure S12d) turned brighter. Meaningful 

insights on the surface chemistry changes occurring during the HER was provided by XPS analysis 

(see Figure S11c). Therein, the high-resolution spectra of Mo 3d peaks provides an important 

information on the electrochemical stability of the MoSe2 both in acidic (0.5 M H2SO4) and 

alkaline solution (1 M KOH). Whereas MoSe2 was electrochemically stable after 300 CVs in 0.5 

M H2SO4, a clear oxidation process, confirmed by the presence of a peak at ~ 236 eV and a shoulder 

at ~ 232.5 eV, occurred upon only 3 CVs in 1M KOH. Therefore, long-term electrochemical 

stability can be expected from MoSe2 in acidic solution, while fast MoSe2 degradation (oxidation) 

was found in alkaline solution.  

4. Conclusions 

A simple fabrication of MoSe2/1D TiO2 NTs heterostructures by incorporating different number 

of MoSe2 ALD cycles on TiO2 NTs was presented in this work. The MoSe2 nanosheets grow 

vertically aligned maximizing the exposed active edges, a pivotal feature for catalysis 

performance. Therefore, the photoelectrochemical and catalytic properties of ALD MoSe2/1D 

TiO2 NTs were assessed for hydrogen evolution reaction and dye organic pollutant degradation 

applications respectively, as a function of the number of MoSe2 ALD cycles by which a precise 

control over MoSe2 nanosheet can be attained. The photoelectrochemical and catalytic properties 

displayed an important dependence on the number of MoSe2 ALD cycles, and verified the 
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synergistic effect stemming from the MoSe2 growth within TiO2 NTs. Hence, remarkable results 

have been obtained both in photo- and electrocatalysis from a rather simple heterostructure, 

confirming the ALD MoSe2/TiO2 NTs as an excellent nanostructure towards 

photoelectrochemical, photocatalytic and electrocatalytic applications. 
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