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A B S T R A C T   

MoSe2/1 D TiO2 nanorods (NRs) heterojunction assembly was systematically fabricated, and its photo
electrocatalytic properties were investigated. The fabrication process involves the growth of 1D TiO2 NRs arrays 
on FTO substrates using hydrothermal synthesis followed by the deposition of MoSe2 nanosheets on the TiO2 NRs 
using radiofrequency magnetron sputtering (RF magnetron sputtering). The photoelectrochemical properties of 
the heterojunction were explored and optimized as a function of the thickness of the MoSe2 layer, which was 
controlled by the sputtering time. The MoSe2 grows perpendicularly on TiO2 NRs in a 2D layered structure, 
maximizing the exposed active edges, an essential aspect that permits maximum exploitation of deposited MoSe2. 

Compared to pure TiO2 NRs, the heterojunction nanostructured assembly displayed excellent spectral and 
photoelectrochemical properties, including more surface oxygen vacancies, enhanced visible-light absorption, 
higher photocurrent response, and decreased charge transfer resistance. In particular, the sample synthesized by 
sputtering of MoSe2 for 90 s, i.e., MoSe2@TiO2-90 s, depicted the highest current density (1.86 mA cm− 2 at 0.5 V 
vs. Ag/AgCl) compared to other samples. 

The excellent photoelectrochemical activity of the heterojunction stemmed from the synergy between tailored 
loading of MoSe2 nanosheets and the 1D structure of TiO2 NRs, which afford a high surface/volume ratio, 
effective charge separation, fast electron transfer, and easy accessibility to the MoSe2 active edges. These factors 
boost the catalytic activity.   

1. Introduction 

In the last decades, enormous efforts have been exerted to develop 
clean, renewable energy sources that can replace extensively polluting 
exhaustible fossil fuels. On a broad scale, hydrogen as a clean fuel rep
resents a promising candidate that can supply clean energy without 
deteriorating the environment. In this regard, different approaches were 
employed for hydrogen production. Among them, the most applied ap
proaches on the industrial scale are the steam reforming of methane, 
partial oxidation of hydrocarbons, and coal gasification [1]. However, 
despite their cost-effectiveness, these approaches endow the generation 

of large amounts of CO2 [2]. Alternatively, other approaches, such as 
water electrolysis, can be considered an alternative environmentally 
benign route devoted to producing clean high-purity hydrogen [3,4]. 

Photoelectrolysis of water is a promising technology aiming at 
obtaining hydrogen and oxygen through solar energy harvesting by a 
semiconductor, which acts as a photocatalyst [5]. Since Honda and 
Fujishima [6] demonstrated the primitive photocatalytic water splitting 
by TiO2, extensive efforts have been devoted to developing photo- 
electrodes capable of delivering high solar-to-hydrogen efficiency. As 
a result, TiO2 is regarded as one of the most investigated materials in 
photoelectrolysis, assigned to its chemical stability, increased 
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abundance, enhanced photocatalytic activity, biocompatibility, and 
reasonable cost [7,8]. However, its relatively wide band gap, which 
limits its light absorption to the ultraviolet region, and the short lifetime 
of photo-induced charge carriers are considered the main drawbacks 
limiting its efficiency in different photocatalytic applications [9]. In this 
regard, several approaches were hired to decrease the bandgap and 
inhibit the fast recombination of photo-induced electrons and holes, 
such as doping with metals and non-metals [10], formation of nano
structures [11], coupling to a co-catalyst [12,13], and coupling with 
another semiconductor to form heterojunction, which is considered as 
one of the most effective strategies to enhance the photocatalytic ac
tivity [14,15]. 

Recently, 2D transition metals chalcogenides (TMCs) have emerged 
as promising candidates for versatile applications such as optoelec
tronics, sensing, energy storage, and catalysis [16–22]. In particular, 
their application in photocatalysis has remarkably emerged owing to 
their narrow band gap and 2D graphene-like structure, which can act as 
an electron bridge facilitating the electron transfer of the photo-induced 
charge carriers [23]. 2D TMCs have a layered structure with a chemical 
composition of MX2 (where M is the transition metal, and X  = S, Se, or 
Te) [24,25]. Among them, MoSe2 has recently received increasing in
terest inspired by its low band gap of 1.7–1.9 eV, fast photo-response, 
and high conductivity attributed to the metallic characteristics of Se 
atoms [26,27]. 

MoSe2 consists of a Mo layer sandwiched between two layers of Se. It 
can exist in two phases: the semiconducting 2H phase, which has a 
trigonal prismatic structure, and the metallic 1 T phase, which has dis
torted octahedral geometry. The metallic 1 T form is metastable and can 
be easily converted to the more stable 2H structure [28]. Despite its 
outstanding properties, such as the narrow band gap and high resistance 
towards photocorrosion [29,30], MoSe2 is encountered by inferior 
photocatalytic performance attributed to its slow rate of charge transfer 
and fast recombination of photo-generated charges [31]. Accordingly, 
coupling MoSe2 to other semiconductors, such as TiO2, can afford 
enhanced charge transfer, charge separation, and photocatalytic per
formance [32]. 

The MoSe2/TiO2 heterostructure is an affordable promising candi
date for photoelectrochemical water splitting. Different studies reported 
the synthesis of MoSe2/TiO2 for various photocatalytic applications 
[33]. For instance, R. Zazpe et al. studied the deposition of MoSe2 
nanosheets on TiO2 nanotubes using atomic layer deposition [34]. They 
found that the MoSe2 grows at the inner and outer surfaces of the TiO2 
nanotubes in a perpendicular orientation which maximizes the exposed 
MoSe2 active edges and enhances its activity towards photocatalytic 
degradation of methylene blue and electrochemical hydrogen evolution 
in an acidic medium [34]. Similarly, MoSe2 was deposited on TiO2 
nanotubes via electrochemical deposition from an aqueous solution 
containing Na2MoO4, SeO2, and H3PO4 [35]. The multifunctional anode 
revealed enhanced activity towards photoelectrochemical degradation 
of cefotaxime sodium at low applied voltages, which was assigned to the 
synergism between the surface oxygen vacancies and the charge sepa
ration originated by direct Z-scheme of TiO2/MoSe2 heterojunction 
[35]. 

Intriguingly, several approaches were dedicated to the synthesis of 
MoSe2 layers, such as sonochemical synthesis, chemical vapor deposi
tion [36], solvothermal [37], magnetron sputtering [38], and exfolia
tion of bulk MoSe2 [39]. However, most of these methods are 
sophisticated or afford a bulk form of stacked multilayered material with 
minimum exposed active sites and inferior catalytic activity. Among 
them, magnetron sputtering offers several merits, such as precise control 
of the structure/thickness of the deposited layer, modulated electrical/ 
optical properties, high surface area, and strong adhesion [40]. In 
addition, they produce nanostructured MoSe2 layers with a high density 
of exposed active edges. Although some studies reported the synthesis of 
MoSe2 by radiofrequency magnetron sputtering (RF magnetron sput
tering), however, deposition of MoSe2 by RF magnetron sputtering on 

TiO2 nanostructures was rarely reported [41], and application of such 
heterostructures in photoelectrochemical water splitting was not pre
viously reported. 

Triggered by these discussions, herein, we introduce the fabrication 
of MoSe2/1D TiO2 NRs using RF magnetron sputtering of MoSe2 target 
on TiO2 NRs arrays and explore their activity towards photo
electrochemical water splitting. The novelty of this study emerges from 
employing RF magnetron sputtering approach to tune the deposition of 
MoSe2 nanosheets on 1D TiO2 NRs arrays. The photoelectrochemical 
activity of the heterojunction was optimized through the control of the 
sputtering time. RF magnetron sputtering enables not only precise 
control on the thickness of MoSe2 layer on the TiO2 NRs but also allows 
the control of the 2D surface structure, which is pivotal for photo
catalytic activity. The superior photoelectrochemical activity arises 
from the synergy between the 1D TiO2 nanostructure and the tailored 
structure of MoSe2 layers, which afford extensive active centers and fast 
electron transfer boosting the catalytic activity. 

2. Experimental 

2.1. Materials synthesis 

2.1.1. Synthesis of vertically oriented 1D TiO2 NRs 
Firstly, FTO substrates (20 mm × 15 mm, 6.70 ± 0.27 Ω/sq, Ossila 

Ltd., Sheffield, UK) were cleaned by ultrasonication for 20 min in 
acetone, ethanol, and deionized water, respectively, and finally dried in 
air. 

In a glass beaker, 25 mL of deionized water was mixed with 25 mL of 
concentrated HCl with stirring. To the formed solution, 300 μL of tita
nium (IV) butoxide was added, and the solution was stirred for further 5 
min. After mixing, the solution was transferred into a Teflon-lined 
stainless steel autoclave, and FTO substrates were immersed into the 
solution in such a way that the conducting sides faced the bottom of the 
autoclave. The autoclave was sealed and heated in an oven at 160 ◦C for 
10 h. Afterward, the autoclave was allowed to cool to room temperature, 
and the substrates were washed with DI water and ethanol and calcined 
in air at 400 ◦C for 3 h using a ramping rate of 1 ◦C min− 1. 

2.1.2. Synthesis of MoSe2@TiO2 NRs 
The MoSe2 layers were deposited onto TiO2 NRs via RF magnetron 

sputtering (Torr International Services LLC, USA) using a high purity 
target (99.95 %, 50.8 mm diameter, 4 mm thickness, Able Target 
Limited, Nanjing, China) at a temperature of 200 ◦C, under high purity 
argon as bombarding gas. Prior to sputtering, the chamber was evacu
ated to a pressure of 3x10− 5 Torr using a turbomolecular pump. During 
the deposition, a flow of Ar gas was maintained at a rate of 10 sccm, the 
applied power was adjusted at 200 W, and the temperature was main
tained at 200 ◦C. The thickness of deposited MoSe2 was controlled by 
varying the sputtering time between 15 s and 120 s, and the samples 
produced by applying a sputtering time of 15 s, 30 s, 60 s, 90 s, and 120 s 
were denoted as MoSe2@TiO2-15 s, MoSe2@TiO2-30 s, MoSe2@TiO2-60 
s, MoSe2@TiO2-90 s, and MoSe2@TiO2-120 s, respectively. For com
parison, MoSe2 was sputtered on FTO glass for 90 s, and its spectral and 
photoelectrochemical characteristics were investigated. 

2.2. Characterization 

The morphology and microstructure of as-prepared samples were 
characterized by a field emission scanning electron microscope (FESEM) 
equipped with an energy-dispersive X-ray (EDX) unit. Raman spectra 
were examined using a DXR Raman microscope (ThermoScientific) 
using a laser excitation beam with a wavelength of 532 nm. The crys
tallinity of samples was investigated by X-ray diffraction (XRD) using an 
X’Pert Phillips diffractometer equipped with Cu-kα radiation (λ =
1.54059 Å) (Phillips-PANalytical, Netherlands). The electronic struc
tures and oxidation states were investigated by X-ray photoelectron 
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spectroscopy (XPS) with Axis Ultra DLD XPS (Kratos, Manchester, UK) 
equipped with a monochromatic Al-Kα radiation source (1486.6 eV). All 
binding energies were corrected with reference standard C 1 s peak, i.e., 
284.6 eV. UV–Visible spectra were recorded using a UV/Vis/NIR spec
trophotometer (Perkin Elmer, Lamda 1050, USA). 

2.3. Photoelectrochemical measurements 

Photoelectrochemical measurements were conducted using Gamry 
3000 workstation (Gamry Co., USA). Measurements were conducted in a 
standard three-electrode cell with a quartz window. The as-prepared 
electrode, platinum wire, and Ag/AgCl electrode were used as photo
anode, counter electrode, and reference electrode, respectively. The 
photocurrent response (current vs. time, I-t) plots were measured in 1.0 
M KOH solution under simulated solar light irradiation (light/dark cy
cles of 30 s). Electrochemical impedance spectroscopy (EIS) measure
ments were recorded in the frequency range of 0.1 and 105 Hz at a 
potential of 0.5 V vs. Ag/AgCl using an excitation AC signal with an 
amplitude of 5 mV. The type of semiconductor and the flat band po
tentials were investigated using Mott-Schottky (MS) analysis. Measure
ments were performed in 1.0 M KOH solution at a scan frequency of 
1000 Hz. Potential measurements were referenced to a reference 
hydrogen electrode (RHE) [42] according to the relation: 

ERHE = EAg/AgCl + 0.197 + 0.059 pH. 

3. Results and discussion 

TiO2 nanostructures were devoted to versatile applications such as 
sensors, optoelectronic devices, and solar cells [43]. Among them, one- 
dimensional nanostructures aroused great interest attributed to their 
directional charge transmission properties originating from the quan
tum confinement effect. In particular, nanorods exhibited several merits, 
such as dense structure, high aspect ratio, and large specific surface area 
[44]. This results in effective photogenerated charge separation and 
light absorption, which are essential for potential applications of TiO2- 
based materials, especially photocatalytic applications. 

TiO2 NRs arrays were synthesized on FTO substrates using the hy
drothermal method. During the process, The butoxide precursor is firstly 
hydrolyzed to form hydroxocomplexes in the solution. The hydrox
ocomplexes are known as the building units for the formation of 1D TiO2 
nanostructures. They are protonated and undergo dehydration 

(condensation) reactions to produce polymeric 1D TiO2 nanostructures 
through the formation of Ti-O-Ti bridged bonds [45]. It should be noted 
that in a highly acidic environment, the rutile phase is pertinent, while 
in weakly acidic media, anatase is the predominant phase [46,47]. 

2D MoSe2 can deliver unparalleled merits compared to bulk MoSe2, 
which has limited reactivity owing to inert basal planes. Among the 
merits of 2D material, the high surface area-to-volume ratio and the high 
density of defects originated at the edges of the nanosheets. These de
fects are considered active sites for different catalytic reactions, attrib
uted to the high abundance of active centers with low coordination 
numbers, represented by defects, kinks, and edges responsible for the 
high catalytic activity. It should be noted that controlling the thickness 
(number of layers) of MoSe2 via RF magnetron sputtering not only 
produces 2D layers (Fig. S1) of tunable band gap, but also it can switch 
the band structure from indirect (bulk material) to direct (monolayer 
structure), which renders MoSe2 extraordinary candidate for several 
electrical and optical applications [26]. 

The structure and morphology of TiO2 NRs and MoSe@TiO2 NRs 
were investigated by SEM. Fig. 1a-c depict the FESEM images of TiO2 
NRs grown on FTO substrate at 150 ◦C for 10 h. The top view of pure 
TiO2 NRs (Fig. 1a and b) exhibits vertically oriented densely packed 
nanorods with tetragonal shape and square top surfaces. The top sur
faces contained several step edges, while the side view revealed smooth 
side surfaces (Fig. 1c). 

The nanorods show an average length of 3.4 ± 0.5 μm, estimated 
from the side view of the cross-sectional image; however, they man
ifested wide diversity in the diameters of NRs ranging between 40 and 
300 nm. Furthermore, the deposition of MoSe2 did not affect the 
morphology of the TiO2 NRs, and no difference was observed in the SEM 
images of pure TiO2 NRs compared to the nanocomposite. This reveals 
the uniform homogenous distribution of MoSe2 on the surface of TiO2 
NRs arrays, which is one of the main advantages of magnetron sput
tering compared to other techniques (Fig. 1d-f). 

The structure and morphology were further investigated by TEM 
(Figs. 2, 3, S2 and S3). The selected area electron diffraction (SAED) 
pattern of TiO2 NRs (stripped from the substrate) shows well-defined 
sharp patterns indexed to the rutile TiO2 (Fig. 2a inset), which is 
consistent with the results of XRD. The high-resolution TEM (HR-TEM) 
image is given in Fig. 2a. It shows well-ordered clear lattice fringes 
confirming the crystalline nature of TiO2 NRs. The lattice spacing be
tween two adjacent fringes is about 0.32 nm lattice fringes, which 

Fig. 1. SEM images of TiO2 NRs; top view (a and b) and side view (c) and MoSe2@TiO2 NRs top view (d and e) and side view (f).  
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corresponds to the distance between (110) lattice planes of rutile [48]. 
The HRTEM image of MoSe2@TiO2 (Fig. 2b) clearly identifies lattice 
fringes with a spacing of 0.32 nm assigned to rutile and another set with 
a spacing of 0.65 nm, which can be indexed the (002) plane of hexag
onal MoSe2 [49]. The distribution of elements within the hetero
structure was evaluated via HAADF-STEM-EDS elemental mapping 
(Fig. 3). Images depicted a uniform distribution of MoSe2 over the TiO2 
nanorods. 

The surface chemical composition was examined by XPS. The survey 
spectrum of TiO2 NRs and MoSe2@TiO2 NRs illustrates the presence of 
C, Ti, and O in pristine TiO2 NRs and the presence of Mo, C, Ti, O, and Se 
in the case of the heterostructure, confirming their purity. Deconvolu
tion of the Ti 2p high-resolution spectrum of MoSe2/TiO2 NRs showed 
four peaks (Fig. 4a). Two peaks at 458.6 eV and 464.5, corresponding to 
Ti4+ of Ti − O − Ti, and the other two peaks of lower intensities at 459.8 
and 465.8 eV, corresponding to Ti4+ of Ti − O − Mo [50]. The Gaussian 
peak fitting of O 1 s in the heterostructure (Fig. 4b) revealed four 

different components at 529.9, 530.7, 531.6, and 532.9 eV, assigned to 
the lattice oxygen (O2− ) from Ti − O − Ti bond, lattice oxygen from Ti −
O − Mo bond, oxygen defects (vacancies), and adsorbed oxygenated 
species, respectively [51,52]. 

Fig. 4c and S4a shows the deconvolution of the high-resolution Mo 
3d spectrum in the heterojunction and pure MoSe2, respectively. It 
revealed two main peaks at 228.8 and 231.9 eV corresponding to Mo4+, 
in addition to two small peaks at 230.1 and 233.7 eV, that can be 
assigned to Mo6+ [36]. On the other hand, the Se XPS spectrum (Fig. 4d 
and S4b) depicts two peaks at 54.1 and 55.0 eV assigned to Se 3d5/2 and 
Se 3d3/2 of Se2− , respectively [53]. The high-resolution spectrum of Ti 
2p in the pristine TiO2 NRs (Fig. S5) shows two peaks at 459.4 and 465.2 
eV, which can be indexed to Ti 2p3/2 and Ti 2p1/2 of Ti4+, respectively 
[54]. The binding energies of Ti 2p core levels in the heterostructure are 
shifted to lower values compared to pure TiO2, which can be assigned to 
the enhanced electron interaction between TiO2 and MoSe2 (Fig. S6) 
[33]. 

Fig. 2. HRTEM and SAED patterns of (a) TiO2 NRs and (b) MoSe2@TiO2 NRs.  

Fig. 3. HAADF-EDS elemental mapping in MoSe2@TiO2 NRs.  
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The crystalline structure of TiO2 NRs and MoSe2@TiO2 NRs was 
studied by XRD (Fig. 5). All samples revealed diffraction peaks at about 
26.5, 33.7, 37.7, 51.5, 54.5, 61.5, 65.5, and 78.2◦, which are assigned to 
(110), (101), (200), (211), (220), (310), (301), and (321) planes of 
tetragonal SnO2 structure, respectively (JCPDS card no. 041–1445) and 
originated from the FTO substrate [55]. Furthermore, all catalysts 
exhibited a single crystalline rutile structure with an intense diffraction 
peak at 2θ of about 36.1◦ assigned to the (101) plane of the tetragonal 
structure of the rutile phase (JCPDS card no. 21–1276) [56,57]. The 
minor diffractions observed at 2θ of 62.8, 69.8, and 69.9◦ can be indexed 
to (002), (301), and (112) planes of rutile, respectively. No observable 

diffraction peaks were detected for MoSe2 in the heterojunction struc
tures (Fig. 5) or pure MoSe2 (Fig. S7). This may be attributed to the low 
crystallinity of MoSe2 and/or the ultrathin few-layer structure, which is 
consistent with previous studies [31,58]. 

Fig. 6 represents the Raman spectrum of TiO2 NRs and the different 
heterojunction photocatalysts. All photocatalysts revealed three Raman 
peaks at about 233, 447, and 613 cm− 1, which can be assigned to two 
phonon scattering, out-of-plane vibration (A1g), and in-plane vibration 
(Eg) of rutile phase [59,60]. 

No Raman peaks were detected for MoSe2 owing to their few-layer 
structure, which is in agreement with previous reports [31]. 

Fig. 4. High resolution XPS spectra of (a) Ti 2p and (b) O 1 s, (c) Mo 3d, and (d) Se 3d in MoSe2/TiO2 NRs.  

Fig. 5. XRD spectra of investigated photocatalysts.  Fig. 6. Raman spectra of the investigated photocatalysts.  
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Interestingly, the intensity of rutile peaks decreased after the deposition 
of MoSe2, in addition, the Raman peaks are shifted to lower wave
numbers confirming the electronic interaction between TiO2 and MoSe2. 

Light absorption is a crucial factor that remarkably affects the pho
tocatalytic activity. The UV/Vis diffuse reflectance spectra of TiO2 NRs 
and the other heterostructures are depicted in Fig. 7. Results revealed 
that the optical absorption of the material increased in the visible as the 
deposition time of MoSe2 increased. In other words, the hetero- 
structured photocatalysts have higher optical absorption in the visible 
region than pure TiO2 NRs. This absorption increases with the increase 
in the thickness of MoSe2. The optical band gaps of photocatalysts were 
determined from Tauc plots (Fig. S3). Tauc equation can be given as: 

αhν = C(hν − Eg)
n/2  

where α is the absorption coefficient, h is Planck’s constant, ν is the 
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. TiO2 has indirect band gap, hence, the value of n is 4. 

This rise was observed at high wavelengths in all samples, including 
pure TiO2 NRs and all MoSe2/TiO2 electrodes. However, this rise was 
not observed in the FTO substrate (Fig. S8). This tail-up was observed in 
previous studies for rutile nanorods in previous studies [61,62]. It was 
attributed to the lattice defects such as oxygen vacancies [63]. The band 
gap energies were calculated by plotting (αhν)1/2 vs. the photon energy, 
hν, where the intercepts of the plots define the band energies (Fig. S9). 
The calculated values of band gap energies were found to be 3.05, 3.01, 
2.95, 2.87, 2.72, and 2.60 eV, in the case of TiO2 NRs, MoSe2/TiO2-15 s, 
MoSe2/TiO2-30 s, MoSe2/TiO2-60 s, MoSe2/TiO2-90 s, and MoSe2/TiO2- 
120 s, respectively. This confirms the enhancement in the light ab
sorption by successive deposition of MoSe2 layers on TiO2 NRs. Simi
larly, the band gap energy of pure MoSe2 was calculated from Tauc plot 
and was found to be 1.89 eV (Fig. S10). 

In order to investigate the impact of MoSe2 and its thickness on the 
photocatalytic activity, the electrochemical performance of TiO2 NRs 
and different heterojunction electrodes was investigated towards pho
toelectrochemical water splitting. Linear sweep voltammetry (LSV) is a 
common tool for evaluating the charge transfer characteristics at the 
semiconductor/electrolyte interface. Fig. 8a represents the LSV curves of 
different electrodes, recorded under illumination with (AM 1.5G, 100 
mW cm− 2) simulated sunlight in 1.0 M KOH solution. To verify the 
negligible leakage current, measurements were performed in the dark at 
the same potential range (Fig. S11) [64]. The recorded voltammograms 
an insignificant increase in the current from 0.5 V up to 2.0 V vs. RHE, 
where the current start to increase owing to the start of electrochemical 
oxygen evolution. 

Under illumination, all photocatalysts revealed a pronounced 
photocurrent starting at 0.3 V vs. RHE and continued to increase, 
reaching a saturation value at about 0.9 V vs. RHE. Pure TiO2 NRs 
delivered a saturation photocurrent density of 0.48 mA cm− 2. It is 
noticeable that the saturation photocurrent increases with increasing 
the thickness of sputtered MoSe2 layers on TiO2 NRs, reaching a 
maximum at MoSe2/TiO2 NRs-90 s, which afforded a saturation 
photocurrent density of 1.71 mA cm− 2, which is almost 3.6 folds higher 
than pure TiO2 NRs. This remarkable enhancement in the photocurrent 
density of the heterojunction compared to pure TiO2 NRs can be 
attributed to the enhanced charge separation owing to the formation of 
Z-scheme heterojunction and the promoted light absorption. These re
sults confirm that the PEC performance of MoSe2/TiO2 heterostructure 
can be optimized by controlling the amount (thickness) of MoSe2 layer 
on the surface of TiO2 NRs. The saturation photocurrent decreases at 
higher sputtering times, which can be assigned to the hindering of the 
light absorption by excessive MoSe2 layers and reduce the photocurrent 
density [65]. 

For further investigating the impact of MoSe2 on the photoactivity of 
TiO2 NRs, the photocurrent response over time was examined by 
amperometric J-t curves, collected with light on–off cycles at a potential 
of 0.5 V vs. Ag/AgCl in 1.0 M KOH solution (Fig. 8b). At the dark state, 
all electrodes exhibited very small current densities. When the light was 
switched on, the current density rapidly increased owing to the creation 
of hole/electron pairs, enhancing the current density. The hetero
structures delivered higher photocurrent density compared to pure TiO2 
NRs. The measured photocurrent densities at 0.5 V vs. Ag/AgCl are for 
0.47, 0.66, 0.88, 1.42, 1.86, and 1.66 mA cm− 2, for TiO2 NRs, MoSe2/ 
TiO2 NRs-15 s, MoSe2/TiO2 NRs-30 s, MoSe2/TiO2 NRs-60 s, MoSe2/ 
TiO2 NRs-90 s, and MoSe2/TiO2 NRs-120 s, respectively. No significant 
decay occurs over the measurement period, implying the enhanced 
stability of electrodes towards photocorrosion. 

EIS was hired to evaluate the interfacial charge transfer kinetics of 
the investigated photocatalysts. Fig. 8c represents the Nyquist imped
ance plots of different electrodes in 1 M KOH solution at 0.5 V vs. Ag/ 
AgCl. Semicircles of variable radii were observed for the studied mate
rials, which confirms that the kinetics is dominated by the charge 
transfer process at the electrode/electrolyte interface [66]. The radius of 
these semicircles follows the order: TiO2 NRs > MoSe2/TiO2 NRs-15 s >
MoSe2/TiO2 NRs-30 s > MoSe2/TiO2 NRs-60 s > MoSe2/TiO2 NRs-120 s 
> MoSe2/TiO2 NRs-90 s. It is widely accepted that the small radius of the 
Nyquist plot represents lower charge transfer resistance and faster re
action kinetics [67]. Therefore, increasing the thickness of MoSe2, de
creases the charge transfer resistance and enhances the kinetics, which 
reaches a maximum for MoSe2/TiO2 NRs-90 s. Higher thicknesses of 
MoSe2 increase the charge transfer resistance and the recombination 
rate of photo-induced charges, decreasing the photocatalytic activity. 

The measured impedance data were fitted to different equivalent 
circuit models, and the model which provided the best fitting is repre
sented in Fig. S12 [68]. The calculated charge transfer resistances from 
data fitting (Fig. S13) are 7.89 kΩ cm− 2, 4.25 kΩ cm− 2, 2.09 kΩ cm− 2, 
822.9 Ω cm− 2, 348.1 Ω cm− 2, and 698.5 Ω cm− 2 for TiO2 NRs, MoSe2/ 
TiO2 NRs-15 s, MoSe2/TiO2 NRs-30 s, MoSe2/TiO2 NRs-60 s, MoSe2/ 
TiO2 NRs-90 s, and MoSe2/TiO2 NRs-120 s, respectively. This confirms 
the enhanced charge transfer kinetics over the sample sputtered with 
MoSe2 for 90 s compared to its counterparts. In contrast, MoSe2 revealed 
very high charge transfer resistance i.e. 126.3 kΩ cm− 2, which is 
consistent to its inferior photorespone, where currents measured in dark 
and under illumination were almost identical (Fig. S14a and b). 

The flat band potential and type of semiconductor were identified by 
Mott-Schottky plots. Fig. 8d depicted the Mott-Schottky plots of TiO2 
and the heterostructured electrodes. The flat band potential (Efb) can be 
defined by the following equation: 

1
C2 =

2
qA2εND

(E − Efb −
KbT

q
)

Fig. 7. Uv–vis reflectance spectra of the studied photocatalysts.  
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Where C is the space charge capacitance, q is the charge of the electron, 
ND is the donor density, E is the applied potential, Kb is the Boltzmann’s 
constant, ε is the dielectric constant of the semiconductor. The linear 
parts of the plots have positive slopes, implying that the photocatalyst is 
an n-type semiconductor. The flat band potentials of the hetero
structures exhibited a negative shift in their values compared to pure 
TiO2 NRs, confirming the enhanced generation of photo-induced charge 
carriers over the heterostructure compared to pure TiO2 [35]. The 
calculated flat band potentials were estimated by extrapolating the 
linear parts of Mott-Schottky plots (1/C2 vs. E) to the x-axis. The 
calculated values were 0.12, 0.17, 0.18, 0.19, 0.20, and 0.21 V vs. RHE 
for TiO2 NRs, MoSe2/TiO2 NRs-15 s, MoSe2/TiO2 NRs-30 s, MoSe2/TiO2 
NRs-60 s, MoSe2/TiO2 NRs-90 s, MoSe2/TiO2 NRs-120 s, respectively. 
The donor concentration can be calculated using the formula: 

Nd =

(
2

eεε◦

)[

d(
1

C2)/dV
]− 1  

Where Nd, e, ε, and ε◦ are the donor concentration, charge of the electron 
(1.6 × 10− 19C), relative dielectric constant of the semiconductor, and 
the dielectric constant of vacuum (8.85 × 10− 14F cm− 1), respectively. 
The calculated donor concentrations are 1.13x1018, 1.58x1018, 
1.93x1018, 5.04x1018, and 9.24x1018, and 5.28x1018 cm− 3 for TiO2 NRs, 
MoSe2/TiO2 NRs-15 s, MoSe2/TiO2 NRs-30 s, MoSe2/TiO2 NRs-60 s, 
MoSe2/TiO2 NRs-90 s, MoSe2/TiO2 NRs-120 s, respectively. The higher 
value of carriers’ concentration on the heterostructure compared to pure 
TiO2 NRs can be assigned to boosted charge separation and higher 
photoresponse. 

Based on Mott-Schottky plots, the flat band potentials of TiO2 NRs 
and MoSe2 were 0.12 and − 0.52 V vs. RHE, respectively. For n-type 
semiconductor, it was found that the conduction band potential is 
almost 0.1 eV lower than Efb [69]. Hence, the ECB of TiO2 NRs and MoSe2 
are + 0.02 V and − 0.42 V vs. RHE, respectively. Hence the valence band 
potential, EVB can be calculated using the relation: EVB = Efb + Eg. The 
valence band potentials of TiO2 NRs and MoSe2 will be 3.07 V and 1.47 
V vs. RHE, respectively. Based on the band alignment of TiO2 and 
MoSe2, they can easily form a Z-scheme heterostructure with enhanced 
photocatalytic activity. 

The photoactivity of pristine TiO2 NRs and different heterojunctions 
was investigated by measuring the photocurrent responses at 0 V 
(Fig. 9a) [70]. It is evident that the coupling of MoSe2 to TiO2 enhanced 
the photocatalytic response and MoSe2/TiO2 NRs-90 s showed the 
highest value of photocurrent density (38 μA cm− 2) compared to the 
counterparts. This implies its enhanced photocatalytic performance. 
Contrarily, MoSe2 revealed a negligible photocurrent response, which 
affirms its inferior photocatalytic activity (Fig. S14c). 

Stability is a crucial factor for applying a semiconductor as a pho
tocatalyst. Fig. 9b represents the variation of photocurrent response of 
MoSe2/TiO2 NRs-90 s with time. Notably, the photocurrent density 
revealed no significant decay from its initial value after illumination 
with simulated sunlight for 2000 s. This implies the enhanced photo
stability of the heterostructure. 

Based on the reported results, the charge transfer process can be 
represented according to the mechanism shown in Fig. 10. Under light 
irradiation, both MoSe2 and TiO2 can be excited. The electrons in the 
valence band of TiO2 or MoSe2 can be excited to the conduction band 

Fig. 8. The electrochemical measurements of TiO2 NRs and MoSe2/TiO2 NRs recorded in 1.0 M KOH solution under illumination with simulated sunlight. (a) LSV 
curves, (b) Transient photocurrent responses at 0.5 V vs. Ag/AgCl, (c) Nyquist impedance plots at 0.5 V vs. Ag/AgCl, and (d) Mott-Schottky plots. 
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leaving vacancies (holes) in the valence band. Owing to the suitable 
band alignment, the photo-generated electrons transfer from the con
duction band of MoSe2 to the conduction band of TiO2, which enhances 
the charge separation and retard the charge recombination. The external 
electric field facilitates the transfer of electrons to the cathode, where 
the reduction process takes place. On the other hand, holes are trans
ferred from the VB of TiO2 to the valence band of MoSe2, where 
oxidation occurs. This efficient charge separation secures a low recom
bination rate of photo-induced charge carriers and efficient charge 
transfer, enhancing the photocatalytic activity for the heterostructure 
compared to pure TiO2. 

4. Conclusions 

MoSe2/1D TiO2 NRs heterostructures were synthesized via deposi
tion of MoSe2 nanosheets by RF magnetron sputtering on TiO2 NRs as
sembly synthesized by hydrothermal method. MoSe2 was grown as 
nanosheets, which maximizes the number of defects and active sites. The 
optical properties and the photocatalytic performance of the hetero
structures, were greatly influenced by the thickness of the MoSe2 layer, 
which was optimized by variation of the sputtering time (the 90 s is the 
optimum time). The heterojunction afforded outstanding photocatalytic 
performance compared to pristine TiO2 NRs. This can be attributed to 

the decreased band gap and enhanced charge separation, which sup
press the recombination of the photo-generated charge carriers and in
crease their lifetime. Furthermore, the synergy between the 1D nano- 
architecture of TiO2 and the tailored loading of MoSe2 nanosheets on 
the surface of TiO2 NRs enhances the electron transfer and boosts the 
catalytic activity towards OER. 
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