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Abstract 

In an attempt to identify solutions to advance net-zero energy actions and accelerate the deployment 
of cutting-edge low-carbon technologies, hybrid approaches of synthesizing and engineering 
materials towards solar energy harvesting and management have been developed. In this work, two 
different forms of TiO2 were synthesized and applied as electron transfer layer (ETL) in perovskite 
solar cells (PSCs). In addition, double-doped NiO was combined with these two forms of TiO2 and 
the fabricated NiO/TiO2 heterostructures were examined for their photocatalytic activities against 
decolorization of methylene blue (MB) probe-molecule pollutant. The two forms of TiO2 were the 1-
D TiO2 nanorods (TiO2-NRs), synthesized by an aqueous hydrothermal technique, and the 3-D 
mesoporous TiO2 (m-TiO2), synthesized by spin-coating. The NiO was fabricated by sputtering and 
after doping-engineering the optimum double-doped NiO:(Nb,N) was used to form the NiO/TiO2 
heterostructures. The PSC formed by the 1-D TiO2-NRs as ETL exhibited under AM1.5 illumination 
the same open-circuit voltage but twice the short-circuit current when compared to the PSC having 
the conventional m-TiO2 as ETL. The photocatalytic activity of the 1-D NiO/TiO2 heterostructure with 
the NRs was 23% faster than the respective 3-D NiO/TiO2 heterostructure, inducing at the same time 
around 83% more (MB) degradation. The effect of the increased effective surface area of the 1-D 
heterostructures employing the NRs, along with the enhanced NiO-TiO2 diode properties favouring 
and enhancing the absorption and the rates of photocatalytic reactions are discussed. These results 
provide a direct comparison between heterostructures synthesized via hybrid routes for 
optoelectronic applications in the fields of energy harvesting and photocatalysis. 

Keywords: TiO2 nanorods; mesoporous TiO2; NiO:(Nb,N); p/n heterojunction; perovskite solar cells; 
photocatalysis; oxides properties; hydrothermal; spin-coating; sputtering 
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1. Introduction 

A few decades ago there was the belief that consumption of energy was a figure of merit for 
civilization and wealth and the associated economic growth had foreseen a sharp increase in demand 
for energy. The production of energy, however, to fulfil these demands came across technical and 
environmental obstacles along with the expected increase in worldwide energy costs. The nuclear 
energy as a possible candidate for power production was faced with scepticism after some serious 
recent nuclear energy plant accidents (Fukushima, Chernobyl, Three Miles Islands) [1,2], not to 
mention the long-term disposal problems of the nuclear plants’ wastes. On the other hand, the power 
production from conventional fossil fuels has been associated with the realized global warming and 
the climate change accompanied by the extreme weather conditions which are affecting all aspects of 
human life like health, agriculture and generally everyday life [3]. This has alerted governments and 
scientists worldwide for the complete decarbonization of the energy system towards a net-zero future 
by employing a holistic well designed and implemented sustainable, clean, efficient and renewable 
energy system for the production, manipulation and storage of readily available energy [4]. In an 
attempt to accelerate the deployment of cutting-edge low-carbon technologies, new approaches for 
materials’ synthesis and engineering have resulted in the development of a variety of devices like 
photovoltaics (rooftop, indoor for the Internet of Things, agrivoltaics, bifacial), sensors and 
photocatalysts  for decomposing pollutants and improving air quality, autonomous smart windows 
for energy-efficient buildings, etc.  

Multifunctional nanostructured metal-oxides fabricated by industrially viable and/or low-cost 
techniques have been employed for fabricating advanced devices for energy harvesting and 
environmental monitoring. Single layer coatings consisting of n-type oxides (like TiO2, ZnO, In2O3:Sn 
(ITO), SnO2:F (FTO), etc) or p-type oxides (like Cu2O, NiO2, SnO) have been used for sensing, 
antibacterial, photocatalytic or chromogenic applications [5,6]. In addition, p/n all-oxide 
heterostructures have been developed for enhancing sensing, photocatalysts and photovoltaics 
performance since they are considered promising alternatives to the single layers and very expensive 
noble metal-based systems. The combination of oxides with various semiconductors like Si, GaAs, 
GaN, etc, to form heterojunctions for advanced heterostructure concepts with improved properties 
has also been developed. These advanced heterostructures have been realized by employing hybrid 
fabrication technologies, where the term “hybrid” refers mainly to the use of two different techniques 
for synthesizing the two different materials (organics and/or inorganics) of the p/n heterostructures 
[7]. Such hybrid approaches are made either for realizing novel and innovative ideas as a “proof of 
concept” or whenever the use of a single deposition technique cannot be used due to technical 
constraints. Such examples are the dye sensitized solar cells, electrochromic devices, perovskite solar 
cells, indoor photovoltaics, photocatalysts, electro-optical modulators, solar absorbers, etc [8-11]. The 
n-type titanium dioxide (TiO2) and the prototype p-type nickel oxide (NiO) are among the most 
commonly used oxides for these applications. These materials are abundant, low-cost and can be 
easily synthesized and fabricated. Additionally, they possess versatile physicochemical properties 
[12,13]. In addition, they can be formed by chemical methods and various other non-chemical 
deposition techniques like sputtering, atomic layer deposition, pulse layer deposition, etc, as 
continuous thin films (3-D), 2-D layers or 1-D structures (nanowires, nanorods, etc) and depending 
on the application, their properties can by adjusted by selectively modifying the deposition 
parameters and applying doping engineering by adding the appropriate elements [14,15]. 

In this work metal oxides were synthesized to realize hybrid heterostructures, namely 
perovskite solar cells and photocatalysts. TiO2 nanorods (TiO2-NRs) were made by a hydrothermal 
method and mesoporous TiO2 (m-TiO2) were formed by spin-coating and used as electron transfer 
layer (ETL) in perovskite solar cells. In addition, the synthesized TiO2 structures (TiO2-NRs and m-
TiO2) were integrated with another metal oxide layer, namely the NiO, deposited by sputtering after 
doping-engineering. This resulted in p-NiO/TiO2 heterostructures, which were examined for their 
photocatalytic performance. There have been very few comparisons reported in the literature 
between TiO2-NRs and m-TiO2 as ETLs in perovskite solar cells [16]. Furthermore, TiO2-based 
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hybrids have been reported with different junction schemes and doped elements either inside the Ti-
O matrix or metallic species on the surface and having a variety of morphologies [15]. The 
synthesized metal oxides in this work were examined for their physicochemical properties and the 
hybrid photovoltaic and photocatalytic heterostructure devices with the different architectures were 
tested for their output characteristics. The properties of the oxide materials and devices were 
compared, highlighting both the observed improvements and the limitations of their potential 
applications. 

2. Materials and Methods 

2.1. Oxides Synthesis and Characterization 

The substrates used to form mesoporous TiO2 (m-TiO2) and nanorods TiO2 (TiO2-NRs) were 
commercially available FTO-coated glasses. However, since both TiO2 architectures were intended to 
serve as an electron transfer layer (ETL) in perovskite solar cells the use of a thin precursor TiO2 layer 
was necessary to be placed on top of the FTO layer. The thin TiO2 layer would serve as a compact 
layer to eliminate the contact of the perovskite layer with the highly conductive FTO-covered glass 
substrate. In addition, the same thin TiO2 layer would serve as a seed layer providing the preferred 
nucleation sites for the growth of TiO2 nanorods [17]. The thin TiO2 layer, which serves as both seed 
and compact layer, will be called thereafter as s-TiO2. Prior to deposition, the FTO-coated glasses 
were cleaned in a standard procedure utilizing an ultrasonic bath: 10 minutes in acetone, 10 minutes 
in isopropanol followed by rinsing in deionized water and dried in N2 gas flow. After the cleaning 
process, the s-TiO2 layer was formed by means of spin coating. A TiO2-containing solution (50 µL of 
hydrochloric acid, 2.3 mL of ethanol and 150 µL of titanium isopropoxide) was stirred for several 
hours and was spin-coated (2000 rpm, 30 sec) on the FTO/glass substrates. This way, a 40 nm thick s-
TiO2 film was formed, which was thermally treated at 500 °C for 15min in air. The TiO2-NRs were 
made by an Aqueous Chemical Growth (ACG) technique on the s-TiO2/FTO/glass substrates and a 
schematic representation is seen in Figure 1a. The growth solution was prepared by dissolving 10 mL 
hydrochloric acid (37 wt%) in 10mL of deionized water under magnetic stirring. After 10 minutes of 
stirring, 340 µL of titanium isopropoxide (97%) was added. Hydrothermally TiO2 nanorods growth 
was carried out by suspending the 3D structures with an angle and the coated side was kept face 
down in a Teflon-lined stainless-steel autoclave (50mL) filled with the growth solution. The autoclave 
containing the substrate was sealed and annealed inside an oven at 175 OC for 3h. After that, the 
autoclave was cooled to room temperature under tap water. The substrate was finally washed with 
deionized water and dried in air for 15 minutes [18, 19]. No further heat treatment was applied for 
the TiO2-NRs/s-TiO2/FTO/glass structures.  

The mesoporous TiO2 (m-TiO2) films were fabricated by means of spin coating on the s-
TiO2/FTO/glass substrates, which schematically has been depicted in Figure 1b. The substrates were 
plasma treated in oxygen and then a commercially available TiO2 mesoporous paste (Titania paste, 
~50 nm nanoparticles, Sigma Aldrich), with around 50 nm TiO2 nanoparticles, was diluted in ethanol 
(weight ratio 1:7), stirred for several hours to obtain a completely homogeneous solution and spin-
coated (6000 rpm, 30 sec) on top of the substrates in the ambient. The m-TiO2 layer was formed to be 
around 170 nm thick as it was the optimum thickness for an ETL in perovskite solar cells. The 
procedure was completed by annealing the m-TiO2/s-TiO2/FTO/glass structure at 500 °C for 15 min 
in air. 
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(a) (b) 

Figure 1. Schematic representation of the synthesis of the (a) TiO2-NRs and (b) m-TiO2 on the s-TiO2/FTO/glass 
substrates. 

The NiO layers, employed as the p-type oxides to cover the m-TiO2 and TiO2-NRs films and form 
the heterostructures for photocatalytic evaluation, were deposited by sputtering. The undoped NiO 
layer was formed from a metallic Ni target in plasma containing 50% Ar : 50% O2 gases [20], whereas 
the doped NiO layer was formed from a Ni-Nb composite target in plasma containing 50% Ar : 25% 
O2 : 25% N2 gases [21]. The composite target consisted of the Ni target on which Nb pellets were 
placed. In this way double-doped NiO:(Nb.N) could be obtained. All depositions were made at a 
total pressure of 5 mTorr, rf-power of 300 Watts on unintentionally heated substrates which were at 
a distance of 10 cm above the target. All NiO films underwent a post-deposition heat treatment at 300 
oC for 15 minutes in flowing N2. The thickness of the NiO films was around 150 nm. Details on the 
fabrication procedure of sputtered NiO can be found elsewhere [22]. 

Characterization of Materials 

The materials synthesized in this work were characterized employing the typical techniques 
generally used for oxides. More precisely, Energy-Dispersive X-ray (EDX, Oxford Instruments- INCA 
system) and X-Ray Photoelectron Spectroscopy (XPS, SPECS Flexmod system) were employed to 
confirm the existence of dopants in NiO films. Field-Emission Scanning Electron Microscopy (FE-
SEM, Jeol JSM-7000F system) and Atomic Force Microscopy (AFM, Digital Instruments-Multimode 
system) for examining the surface morphology of the films. Grazing Incidence X-ray Diffraction 
(GIXRD) was used (Bruker D8 ADVANCE system) at grazing incidence (1.6 O), with a rate of 0.02 

O/sec over the range of 30–90O for identifying the crystallographic phases in the oxide structures and 
extracting the crystallite size (D) and lattice stain (εL) through the equations (1) and (2), respectively 
[23]: 

D = kλ/βhklcosθ (1)

εL = βhklcotθ/4 (2)

where k is the shape factor 0.94, λ is the wavelength of incident radiation 1.5406 Å, hkl represents the 
Miller indices of the diffraction plane, βhkl is the full-width at half-maximum (FWHM), and θ is the 
Bragg angle of the peak.  

The UV-Vis-NIR transmittance was monitored in the wavelength range of 250 to 1200 nm 
(Perkin Elmer Lambda 950) for extracting the absorption coefficient (α), from which the direct band 
gap was determined through the equations (3) and (4) [24]: 
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T ~ exp(-αd) (3)

(αhv) = A (hv − Egap)n (4)

where, T is the transmittance, α is the absorption coefficient, d is the thickness, h is the Planck 
constant, v is the frequency, n=1/2 for the direct gap and Egap is the optical band gap. Resistivity 
measurements were made through the 4-probe van der Pauw technique on films having cross 
patterns and the type and concentration of carriers were determined for selected films through the 
ac-modulated Hall effect measurements. The thickness of the 1-D films (nanorods) was determined 
through cross-sectional SEM images, whereas the thickness of the 3-D films was measured by a Veeco 
Dektak 150 profilometer. 

2.2. Fabrication and Characterization of Devices  

After the formation of the m-TiO2 and TiO2-NRs on s-TiO2/FTO/glass substrates, as described 
above, the perovskite solar cells were completed by depositing the perovskite and the hole transfer 
layer (HTL) materials. The perovskite material was FA0.8MA0.04Cs0.16Pb(I0.5Br0.5)3 and 5% PbCl2 was 
added in the precursor as an additive and N2 gas was used for quenching  [25]. The perovskite was 
dissolved in dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solution (DMF:DMSO = 
4:1), spinned at 3000 rpm for 40 sec and the N2 gas started flowing after the 10th sec (1.5 mbar at 1.5 
cm distance from the substrate). The procedure was accomplished by heat-treating the film at 120 oC 
for 10 min, while the Spiro-OMeTAD (2,2ʹ,7,7ʹ-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9ʹ-
spirobifluorene) was used as HTL material. A solution containing 144.6 mg SPIRO OMeTAD, 57.6 µL 
Pyridine, 57.6 µL Li-TFSi (520mg/1ml Acetonitrile) and a 58µL FK-209 (300mg/1mL Acetonitrile) in a 
1mL Chlorobenzene solvent was spin-coated (3000 rpm, 40 sec) on the substrates. No extra thermal 
treatment was applied to the formed layer which was exposed to the ambient for further oxidation 
for an optimized period of time depending on humidity and temperature. It should be mentioned 
that the fabrication of the devices were made in the ambient and not in a controlled glove-box N2 
environment, which is the common fabrication practice for high efficiency perovskite solar cells. A 
shadow mask was used for applying by sputtering the Au pads (5 mm x 5 mm) as ohmic contacts on 
the HTL and FTO layers. A schematic representation of perovskites solar cells having mesoporous 
(m-TiO2) and nanorods (TiO2-NRs) as ETL is shown in Figure 2a,b, respectively. The characterization 
of the solar cells under illumination was carried out under AM1.5 (1000 W/m2) and the open circuit 
voltage (VOC), short circuit current (JSC), fill factor (FF) and energy conversion efficiency were 
extracted. 

The NiO/TiO2 heterostructures, which were synthesized for testing their photocatalytic activity, 
were formed by transferring the m-TiO2/s-TiO2/FTO/glass and TiO2-NRs/s-TiO2/FTO/glass substrates 
into the sputtering chamber for the deposition of p-NiO films as described previously. As an ohmic 
contact, sputtered Au metal was used for both the NiO and the FTO layers, using a specially designed 
shadow mask, which defined the junction area of the diode (7.8x10−3 cm2). A schematic representation 
of the NiO/m-TiO2/s-TiO2/FTO/glass and NiO/TiO2-NRs/s-TiO2/FTO/glass heterostructures is shown 
in Figure 2c,d, respectively.  The photocatalytic performance of the NiO/TiO2 devices was evaluated 
through the degradation of a common probe pollutant such as methylene blue (MB) through its 
decolorization per time Ct/CO x100 %, where CO is the initial MB concentration and Ct is the 
concentration after a time interval t. The MB was first tested in a blank experiment (photolysis) 
without the presence of the heterostructures/catalysts. The experiments were conducted in a 100 ml 
beaker under simulated solar light provided by a 500 W halogen lamp. The photocatalysts were 
immersed in 100 ml aqueous solution of the pollutant, and the light source was positioned 
approximately 20 cm away from the solution, generating an intensity of approximately 1000 W/m2 at 
the beakerʹs surface, equivalent to one sun. Before irradiation, the solution was stirred for 30 min in 
the dark to achieve adsorption-desorption equilibrium. Following this, the light was turned on, and 
a portion of 5 ml were extracted at specified time intervals and centrifuged to monitor the 
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degradation process. The photocatalytic degradation of the MB concentration was quantified by 
estimating the apparent rate constant (K) of the reaction according to equation (5): 

ln(Ct/CO) = -Kt (5)

Details of the experimental set-up for the photocatalytic activity measurements can be found 
elsewhere [26]. 

 

Figure 2. Schematic representations of (a) and (b) perovskite solar cells having mesoporous (m-TiO2) and 
nanorods (TiO2-NRs) as ETLs, respectively and (c) and (d) the m-TiO2/s-TiO2/FTO/glass and TiO2-NRs/s-
TiO2/FTO/glass heterostructures used for photocatalysis, respectively. Thicknesses are not in scale. 

The heterodiode devices were tested for their UV-Vis-NIR transmittance, as described in 
subsection 2.1.4 Characterization of materials, and the current–voltage (I-V) characteristics were 
recorded using the Agilent 4200-SCS unit. The characteristics of the hybrid heterostructures 
(perovskite solar cells and NiO/TiO2 photocatalysts) in the dark, such as saturation current (IS), barrier 
height (Φb), ideality factor (n) and series resistance (RS), were obtained following thermionic emission 
theory from the I–V curve. Details of the procedure for extracting the diode parameters from the I-V 
curves can be found elsewhere [20,27]. 

3. Results and Discussion 

In this section the basic properties of the synthesized 1-D and 3-D TiO2 materials (TiO2-NRs and 
m-TiO2, respectively) are presented, and this will be followed by the properties of the formed devices, 
i.e. perovskite solar cells and p-NiO/n-TiO2 heterostructures photocatalysts, where the TiO2 material 
was served as electron transfer layers (ETLs) for the former device and n-type layers for the latter 
device. 

3.1. Properties of m-TiO2 and TiO2-NRs Materials 

As mentioned previously, the m-TiO2 was synthesized so to have a thickness of around 170 nm, 
as this is the optimum thickness for m-TiO2 so to serve as ETL in perovskite solar cells [25]. This was 
the thickness of the 3-D m-TiO2 layer used for the solar cells and the photocatalytic devices presented 
in this work while no attempts were made to investigate the effect of m-TiO2 thickness on the 
performance of the devices. Figure 3a presents the typical surface morphology of the m-TiO₂ layer, 
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obtained by AFM, from which the RMS roughness was determined to be approximately 20 nm. The 
structure of the m-TiO2 layer contained a mixture of anatase and rutile crystalline phases, as seen in 
Figure 3b, which shows the XRD pattern of the m-TiO2/s-TiO2/FTO/glass configuration, along with 
that of the FTO/glass for comparison reasons. It is seen that the XRD pattern is mainly dominated by 
the strong peaks arising from the 600 nm thick FTO layer. In addition, the visible transmittance of the 
m-TiO2/s-TiO2/FTO/glass configuration was 70–80%, from which the effective direct optical Egap was 
determined to be 3.72 eV. A full account of the properties of the TiO2 layer can be found in Ref. [20]. 
The UV-Vis-NIR transmittance of the 3-D structure is depicted in Figure 5b along with that of the 1-
D structure. 

 
 

Figure 3. (a) AFM surface image and (b) XRD pattern of m-TiO2 grown by spin coating on s-TiO2/FTO/glass 
substrates. The XRD pattern of FTO/glass is also shown. 

The dimensions of the synthesized 1-D TiO2-NR depended on the time of formation of the NRs 
by the hydrothermal technique. By increasing the formation time, the diameter and the height 
(length) of the TiO2-NRs increased. Figure 4 shows the top-view SEM images of TiO2-NRs after 40 
min, 60 min and 80 min of formation. The TiO2-NRs after 80 min of growth were almost vertically 
aligned and each rod had a square-shaped geometry with a size of almost 100x100 nm. The height of 
the NRs was around 150 nm, 300 nm and 600 nm after 40 min, 60 min and 80 min of growth, 
respectively. 
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Figure 4. SEM images of TiO2-NRs grown after (a) 40 min, (b) 60 min and (c) 80 min by a hydrothermal 
technique. 

The GIXRD pattern of the TiO2-NRs/s-TiO2/FTO/glass structure is seen in Figure 5a. In contrast 
to the m-TiO2 layer seen above, the TiO2-NRs were crystallized in the rutile phase (JCPDS card No: 
21-1276) [28]. By employing EDX analysis it was revealed that the chemical composition of the NRs 
was in atomic percentages: Ti = 27.74% and O = 73.26%, which is very close to 2 (O:Ti=2.6) for 
stoichiometric TiO2, taking into account the limited accuracy of EDX. The UV-VIS-NIR transmittance 
of two 1-D structures having different NR heights was monitored and the results are depicted in 
Figure 5b, along with the transmittance of the 3-D structure (m-TiO2/s-TiO2/FTO/glass) for 
comparison reasons. As seen in Figure 5b the onset of absorption shifts to longer wavelengths 
(decrease of the effective Egap) for the 1-D structure when compared to the 3-D structure, from 333.3 
nm (3.72 eV) to 380.4 nm (3.26 eV). It should be mentioned that for the determination of the NRs 
effective Egap, the s-TiO2/FTO/glass configuration was considered as substrate, as for the case of m-
TiO2 mentioned previously. In addition, as the height of the nanorods increases from 300 nm to 600 
nm the visible transmittance was reduced, by around 37% at λ=550 nm (from T=80% to T=55%), 
accompanied by a shift of absorption energy to longer wavelengths. This behaviour could be 
attributed to the non-uniform distribution and the high aspect ratio of the NRs, which resulted in 
reduced back-reflection and the increased absorption of incident light in the rutile phase being the 
dominant one in the structure [29]. 

  

Figure 5. (a) XRD pattern of TiO2 nanorods and (b) UV-VIS-NIR transmittance of TiO2 nanorods having two 
different heights, along with the transmittance of m-TiO2. 
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3.2. Perovskite Solar Cells with m-TiO2 and TiO2-NRs as ETL 

After examining the properties of the m-TiO2 and TiO2-NRs, the fabrication of the perovskite 
solar cells (PSCs) were realized, having as ETL the two different architectures of TiO2, namely the 
standard one of spin-coated mesoporous TiO2 (m-TiO2), which served as the reference PSC and the 
hydrothermally made TiO2 nanorods (TiO2-NRs). The PSC devices with the m-TiO2 ETL will be called 
thereafter as 3-D PSC, whereas the respective one with the TiO2-NRs will be called 1-D PSC. Two 
different 1-D PSCs were examined having 300 nm tall NRs (PSC1) and 600 nm tall NRs (PSC2). The 
main goals for examining these PSC structures were to: (i) achieve photovoltaic behaviour for the 1-
D PSC devices, (ii) increase the effective area of the TiO2/perovskite interface, (iii) take advantage of 
the improved transport properties of the TiO2-NRs with enhanced structural quality, (iv) enhance 
electron transport, (v) reduce recombination of photogeneration carriers and (vi) to eliminate 
shunting paths of carriers between HTL and FTO layers [30-33]. It should be mentioned that 1D-PSC 
having NRs taller than 600 nm were not examined since preliminary experiments showed that the 
respective PSCs could not exhibit any photovoltaic behaviour. Figure 6 shows the cross-sectional 
SEM images of PSCs having as ETL the conventional m-TiO2 (Figure 6a, 3-D PSC) and the TiO2-NRs 
(Figure 6b, 1-D PSC1 300 nm tall NRs and Figure 6c, 1-D PSC2 600 nm tall NRs). The different 
morphology of the perovskites grown on top of the 1-D and 3-D ETLs is attributed to the different 
surface morphologies and uniformities of the ETLs as shown in Figure 3 and Figure 4, respectively. 
However, as seen in Figure 6b,c, even though the perovskite layers maintained the low uniformity of 
the TiO2-NRs, the HTL on top of the perovskite layers reduced the final roughness of the PSC. 

 

  

Figure 6. Cross-sectional SEM images of PSCs having as ETL (a) m-TiO2 and (b), (c) TiO2-NRs with 300 nm (ETL1) 
and 600 nm (ETL2) tall NRs, respectively. 
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The current density-voltage characteristics of the PSC in the dark (Jd-V) and under AM1.5 
illumination (Jph-V) are seen in Figure 7a,b, respectively. All Jd-V curves of the devices in the dark 
show a shift of the minimum dark density current, Jd, with respect to the applied voltage. This shift 
is towards negative voltages for the 3-D PSC and to positive voltages for the 1-D PSCs. It is also 
observed in Figure 7a that the NRs with the lower height (300 nm, PSC1) exhibit the largest shift of 
the minimum Jd to positive V. The existence of ionic charges in the PSC layers is responsible for the 
observed shift, but more experiments associated with the transport of carriers in these 1-D and 3-D 
PSC are needed to clarify the reason for this phenomenon of the opposite shift of the Jd-V curves with 
applied voltage for the PSC devices [31,34,35]. The diodes parameters, as extracted from the Id-V 
curve of Figure 7a, are depicted in Table 1. The 3-D PSC diode showed better characteristics than the 
1-D PSC diodes, concerning the ideality factor and the series resistance values (n=2.31 and RS=0.16 
kΩ). In addition, the 1-D PSC2 device with the highest NRs (600 nm) showed lower ideality factor 
and series resistance values (n=4.0 and RS=3.25 kΩ) than the respective one with the NRs having lower 
height (300 nm, 1-D PSC1). The behaviour of the devices under AM1.5 illumination is shown in Figure 
7b. Comparing the two 1-D PSCs, the PSC2 (tallest NRs) showed better performance than the PSC1 
(shorter NRs) concerning JSC, VOC, and efficiency. Even though the TiO2-NRs with the highest NRs 
had reduced visible transmittance when compared to the one with the shorter NRs, as seen in Figure 
5b, the high JSC is likely associated with the reduced reflectance due to the high aspect ratio of the 
highest NRs, resulting in enhanced photon absorption and consequently increased JSC. It is known 
that JSC of 1-D PSCs strongly depends on NRs length [30,31]. There is an optimum TiO2-NRs length 
where the spin-coated perovskite layer on top of the NRs fills the gaps and the voids of the NR matrix 
to achieve maximum electron injection, transport and extraction and thus maximum Jph for the hybrid 
PSCs. The NRs length of around 600 nm was the optimum one for the 1-D PSC fabricated in this 
work, which is consistent with similar reports in literature [30]. It has been recognized that the 
diameter, length and density distribution of the NRs must be carefully tuned to achieve an ideal 
perovskite-TiO2-NRs interface, thereby enabling faster electron extraction compared to the m-TiO2 
film and enhancing the photovoltaic performance of TiO2-NR based PSC [31]. The low FF of the 1-D 
PSC2 device is associated with the observed knee in the JSC curve, which is generally observed for 
PSCs and is associated with the trapping of carriers at the interface [35,36]. In our case, the knee seen 
in the 1-D PSC2 could also be due to the enhanced granule-like formation of the perovskite layer on 
top of the NRs as seen in Figure 6c. Finally, as expected, the 1-D PSC with the nanorods as ETL gave 
the same VOC but higher JSC by a factor of two when compared to the 3-D PSC with the mesoporous 
ETL due to the increased effective area of the TiO2-NRs/perovskite interface and the improved 
transport properties of the TiO2-NRs with the enhanced structural quality.   

 
 

Figure 7. (a) Dark current density – voltage (Id-V) characteristics and (b) photo-current density – voltage 
characteristics (Iph-V) under AM1.5 illumination of 3-D PSC and 1-D PSC1 and 1-D PSC2. 
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It should be mentioned that the low performance of the presented PSCs is attributed to the low 
performance of the reference 3-D PSC having the conventional m-TiO2 as ETL. This was due to the 
fabrication procedure used for the PSCs which was in the ambient and not in an inert environment, 
as described in the Experimental Procedures section. Nevertheless, the 1-D PSC2 having 600 nm tall 
NRs as ETL showed twice the JSC than that of the conventional 3-D PSC. It is anticipated that the 
elimination of the knee seen at the Jph-V curve of the 1-D PSC1 devices (Figure 7b) will increase FF 
and consequently the conversion efficiency of the 1-D PSC2 by at least a factor of two than that of 3-
D PSC [30,31]. 

Table 1. Diode parameters of 3D and 1-D PSCs in the dark (Id-V) and PSC parameters under AM1.5 illumination 
(Iph-V). RS is the series resistance, n is the ideality factor, JSC is the short-circuit current density, VOC is the open-
circuit voltage, FF is the fill factor and η is the conversion efficiency. 

 
PSC         

(ETL) 

Jd-V analysis Jph-V analysis 
RS  

(kΩ) 
n JSC (mA/cm2) VOC  

(mV) 
FF η  

(%) 
3-D PSC (m-TiO2) 0.16 2.31 2.47 936 70.5 1.63 

1-D PSC1 (TiO2-NRs 
300 nm) 45.16 11.67 0.26 805 45.4 0.09 

1-D PSC2 (TiO2-NRs 
600 nm) 3.25 4.84 5.10 936 33.1 1.58 

3.3. Photocatalytic NiO/TiO2 Heterostructures with m-TiO2 and TiO2-NRs as n-Type Layer   

Even though the TiO2 material, either in 1-D or 3-D forms, which was employed in the formation 
of the NiO/TiO2 heterostructure for investigating its photocatalytic properties, was used without any 
post-deposition treatment or any intentional doping, this was not the case for the p-NiO material. It 
is widely recognized that the photocatalytic reaction mechanism is based on the band theory of solids. 
The standard mechanism of photocatalysis is the production of many photogenerated holes and 
electrons (photocarriers) under light irradiation. In addition, it is known that heterojunction 
photocatalysts composed of two different semiconductors are considered the most promising 
photocatalysts since they can exhibit enhanced photocatalytic activity and photostability [7]. This is 
based on the reduced recombination rate of photogenerated carriers, which can be achieved by 
doping engineering of the heterostructure layers, modifying the band structure, enhancing the 
electrostatic built-in field at the heterostructure interface and thus improving the charge transport 
and the separation and migration speed of the photocarriers [38]. For these reasons, the initial 
fabricated undoped NiO film was selectively doped to modify its properties and enhance the 
NiO/TiO2 heterodiode properties. The fabricated NiO was a p-type disordered structure, which after 
optimizing with nitrogen (N) doping, its disorder was improved resulting in increased resistivity and 
transparency when compared to the undoped NiO [24]. In addition, niobium (Nb) doping of NiO 
reversed the properties created by the N-doping mentioned above [39]. By co-doping of NiO with 
both N and Nb dopants improved the overall properties of the undoped NiO or the single-doped 
NiO:Nb and NiO:N materials. The improvement in the NiO structure involved reduced roughness, 
increased crystalline size, reduced strain and reduced tail states. The existence of both Nb and N 
dopants in the NiO structure was verified by the XPS experiments on undoped NiO and double-
doped NiO:(Nb,N) seen in Figure 8 for films which were deposited on Si substrates. Preliminary 
analysis of the XPS spectrum showed that the atomic percentage of Ni, O, Nb and N were 49.9, 46.2, 
1.8 and 2.1, respectively. The basic structural, optical and electrical properties of the NiO:(Nb,N) are 
seen in Table 2, before and after thermal treatment (TT1), along with the undoped NiO for 
comparison. It should be mentioned that the properties of the NiO and NiO:(Nb,N) tabulated in Table 
2 were extracted from films which have been deposited on glass substrates. The superior properties 
of the optimized p-NiO:(Nb,N) material were manifested when the thermally treated material was 
used as p-type layer in p-NiO:(Nb,N)/n-TiO2 which exhibited enhanced UV-PV properties when 
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compared to both undoped and single-doped NiO materials [22]. This implied that the conduction of 
the carriers throughout the p/n device is not inhibited, the carriers were not trapped in defects or 
states, the built-in voltage is enhanced and all carriers were effectively collected. The double-doped 
NiO:(Nb,N) used for the photocatalysis experiments will be called thereafter as NiO.  

 

Figure 8. Wide-scan XPS spectra of undoped NiO and doubled-doped NiO:(Nb,N) along with the spectra of the 
zoom-in circled area. 

Table 2. NiO and NiO:(Nb,N) properties as-prepared and after TT1. D is the crystal size, εL is the lattice strain, 
EU is the Urbach tail states width and ρ is the resistivity. 

NiO  
Samples Treatment 

roughness 
(nm) 2θ (degree) D (nm) 

εL 
(x10-2) 

Direct 
Egap (eV) ρ (Ωcm) 

undoped  
NiO 

As-prepared 2.87 42.56 5.33 1.77 3.28 1.4x10-1 
TT1 - 43.40 7.44 1.24 3.67 1.6x103 

double-doped 
NiO:(Nb,N) 

As-prepared 2.75 42.66 10.07 0.94 3.71 6.9x103 
TT1  43.04 9.13 1.02 3.74 - 

A 190 nm thick sputtered NiO:(Nb,N) layer was deposited on the 1-D TiO2-NRs and the 3-D m-
TiO2, which had been formed on s-TiO2/FTO/glass substrates as mentioned in section 2.1, so the 
NiO/TiO2 heterostructures were tested for their photocatalytic properties. The morphology of the 
TiO2-NRs and m-TiO2 surface before and after the deposition of the NiO layer is seen in the SEM 
images of Figure 9. It is seen in Figure 9a that the around 600 nm tall TiO2-NRs were almost vertically 
aligned. Furthermore, the 190nm-thick sputtered NiO seen in the Figure 9a1,a2 top view or 30o tilted 
images, respectively, could cover more than one NR and the spheroids formed on top of the NRs 
after the NiO deposition exceeded their diameter [40,41]. In a separate experiment employing image 
analysis of the SEM images, the nanorods’ diameter was determined to be 97±10 nm [40]. In addition, 
the diameter of the spheroid-like NiO material on top of the NRs was calculated to be 151±17 nm with 
a lateral NiO thickness on the NRs side-walls to be 27±7 nm. It is anticipated that the step-coverage 
which can be achieved by the sputtering deposition technique ensures that the NiO layer is able to 
cover conformally the entire nanorods, through the intrusions and reaching down to the TiO2 seed 
layer [40,42].  

The situation was different with the 3-D m-TiO2 layer, which had already formed a continuous 
layer by the spin-coating technique, as seen in Figure 3. Upon NiO deposition by sputtering, big 
nodules were formed having a lateral dimension of up to 200 nm. The different surface morphologies 
and structural properties of the NiO/m-TiO2 and NiO/TiO2-NRs were reflected in the dark J-V 
characteristics of the heterostructures in the dark as well as in their photocatalytic behaviour, as will 
be seen next.      
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Figure 9. SEM top view images of TiO2-NRs (a), NiO/TiO2-NRs (a1), m-TiO2 (b) and  NiO/m-TiO2 (b1). Tilted 
30o view images of NiO/TiO2-NRs (a2) and NiO/m-TiO2 (b2). 

Figure 10 shows the dark Jd-V characteristics of the 1-D and 3-D NiO/TiO2 heterostructures, 
whereas after analyzing the Jd-V curves, the diodes’ properties are tabulated in Table 3. As seen in 
Figure 10, both heterostructures show rectification. However, the minimum dark current density (Jd) 
for the NiO/m-TiO2 occurs at zero applied voltage whereas the respective Jd value of the NiO/TiO2-
NRs diode has been shifted to positive voltage (around 1.7 V). The shift of the minimum Jd to positive 
voltages was also seen in Figure 7a for the case of the 1-D and 3-D PSCs. This phenomenon generally 
appears when oxides are used to form hybrid heterostructures and it has been attributed to the 
formation of a dipole at the diode’s interface [34,43,44]. The 1-D NiO/TiO2 diode shows better 
properties than the 3-D NiO/TiO2 diode: the saturation current density (JS) was five orders of 
magnitude lower, the series resistance (RS) values was lower by a factor of 2.8, the barrier height (φb) 
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was 1.5 times higher and the ideality factor (n) took the value of almost 2 which was three times lower 
than the value of the 3-D diode. The improved diode properties of the 1-D structure are attributed to 
the better quality of the TiO2 nanorods than the mesoporous TiO2. Despite the hybrid way of 
synthesizing the heterostructures, ideality factor values much greater than two have been reported 
for various heterodiodes like all-oxide diodes [21,45], oxides grown on epitaxial layers [46] or non-
oxide epitaxially grown structures [47] and have been attributed to transport mechanisms through 
recombination at defects/states at the interface, tunneling through the interfacial layer, or space 
charge current transport. The enhanced surface morphology and the diode parameters of the 1-D 
heterostructure resulted in better photocatalytic behaviour than the 3-D heterostructure. 

 

Figure 10. Dark current density – voltage curves of 1-D and 3-D NiO/TiO2 heterostructures. 

Table 3. Diode parameters of 1-D and 3-D NiO/TiO2 heterostructures. JS is the dark current density, RS is the 
series resistance, n is the ideality factor and φb is the barrier height. 

Heterostructure 
JS  

(A/cm2) 
RS  

(Ω) n  φb (eV) 

NiO/m-TiO2 2x10-3 8.20 6.96 0.58 
NiO/TiO2-NRs 2x10-8 2.90 2.50 0.87 

As mentioned in the Experimental Details section (§2.2), the photocatalytic performance of the 
1-D and 3-D NiO/TiO2  heterostructures was studied by recording the decolorization of methylene 
blue (MB), which is a typical potent cationic dye widely used as a model organic probe to test the 
photocatalytic performance of catalysts, under UV irradiation. The decrease of MB concentration was 
recorded for the NiO/TiO2 structures, having both of them an effective active surface area of 
approximately 5 mm2. The time evolution of MB concentration under UV irradiation for the 1-D and 
3-D structures is shown in Figure 11. The photolysis curve (black curve in Figure 11), recorded in the 
absence of the photocatalysts, is also displayed for comparison reasons. No change in the 
concentration of the dye solution was observed, confirming the high resistance of MB to direct 
photodegradation. This result also confirms that MB photodegradation occurs on the 1-D and 3-D 
nanostructured material surface and is attributed to the reaction of MB with highly oxidative radicals 
generated on the surfaces under UV irradiation. As clearly seen, the highest decrease occurs in the 
case of 1-D structure with the TiO2 nanorods (blue star symbols in Figure 11) compared to the 3-D 
nanostructure with the mesoporous TiO2 (open circle red symbols in Figure 11). In particular, after 
60 min irradiation, the 1-D structure with the NRs induced around 83% degradation of the MB, 
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whereas the 3 -D structure induced around 68% degradation. To quantify the photocatalytic 
degradation of MB concentration, the apparent degradation rate constant (K) of the reaction has been 
estimated, according to the Eq.5, as seen in the inset of Figure 11. The good linear fit of the 
experimental data to the above equation confirms that the photodegradation of MB on the 
heterostructure containing the TiO2-NRs follows pseudo-first-order kinetics [26]. 

 

Figure 11. Methylene Blue decolorization over time under UV light irradiation of 1-D (NiO/TiO2-NRs) and 3-D 
(NiO/m-TiO2) structures. The blue curve refers to the diode with TiO2 NRs, while the red curve to that with the 
m-TiO2. 

However, since it is known that NiO has no effect on degrading the MB pollutant [48] the 
observed decolorization of the MB solution is attributed to the NiO/TiO2 heterostructure. The formed 
built-in field at the NiO-TiO2 interface favoured the separation and electronic mobility of the photo-
generated electron-hole pairs. The superior photocatalytic activity when heterostructures are used, 
instead of single TiO2 layers, has been observed previously for various fabrication methods like 
NiO/TiO2 by spin-coating [49], TiO2 nanosheets loaded with NiO nanorods via a hydrothermal route 
[50], nanocomposite NiO/TiO2 by thermal evaporation [48] and NiO/TiO2 by reactive magnetron 
sputtering [51]. It is the first time, however, that the photocatalytic properties of hybrid 
heterostructures are reported for sputtered NiO on TiO2-NRs made by the hydrothermal technique 
and on mesoporous TiO2 made by spin-coating. As seen in the inset of Figure 11, the 1-D NiO/TiO2 
and the 3-D NiO/m-TiO2 structures provided apparent rate constants K1-D=0.030 (blue line) and K3-

D=0.023 (red line), respectively. This can be attributed to the different surface-to-volume ratios of the 
structures, which yields a higher total surface available for interaction with MB for the 1-D NiO/TiO2-
NRs. The larger specific surface area due to its rough morphology leads to strong adsorption ability 
and in conjunction with the better quality of the NiO-TiO2-NRs interface and the better diode 
properties than the NiO/m-TiO2 one, as seen in Figure 10, facilitates the fast transport of photo-
induced carriers and thus enhancing the absorption and the rates of reaction. It is apparent that the 
combinatorial interaction of the heterojunction and the outstanding structure of the nanorods were 
the origin of enhancement of the photocatalytic performance. The use of TiO2 nanorods of different 
geometry like height, diameter and distribution in conjunction with the optimum NiO thickness is 
anticipated that will enhance further the photocatalytic response if the NiO/TiO2-NRs 
heterostructures.  
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4. Conclusions 

Hybrid heterostructures were fabricated, having two different architectural structures 
depending on the nature of the TiO2 in their matrix. One structure had 1-D nanorods (TiO2-NRs) 
synthesized by a chemical hydrothermal technique and the other structure had mesoporous TiO2 (m-
TiO2) made by spin-coating.  The hybrid heterostructures were the standard perovskite solar cells 
and p/n heterodiode photocatalysts, both having the two different TiO2 architectural structures as the 
electron transfer layers (ETLs) and the n-type layer, respectively. The p-type layer of the heterodiode 
photocatalyst was a p-NiO deposited on the TiO2 layers having optimized anion and cation douple-
doping by N and Nb, respectively. Perovskite solar cells having the conventional 3-D m-TiO2 as ETL 
showed inferior photocurrent than the respective one having 1-D TiO2-NRs as ETL with the optimum 
NRs length, but the same open-circuit voltage. The photovoltaic conversion efficiencies, however, 
were the same for both solar cells due to recombination currents in the 1-D solar cell, resulting in a 
reduced fill factor. Both the NiO/m-TiO2 and NiO/TiO2-NRs heterostructures exhibited rectification 
properties, but the 1-D NiO/TiO2-NRs configuration had superior diode parameters like low RS, JS 
and n but higher φb than the respective values of the 3-D NiO/m-TiO2 diode. The enhanced diode 
properties of the 1-D NiO/TiO2-NRs showed better and faster photocatalytic activity against the 
decolorization and degradation of methylene blue (MB). It is anticipated that, despite the hybrid 
fabrication of the heterostructures, further optimization of the NRs growth concerning length, 
thickness and density distribution will further enhance the properties of the heterostructures. 
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