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ARTICLE INFO ABSTRACT

Keywords: The titanium dioxide-metal-organic framework (TiO2_MOF) composite was prepared using the sol-gel method

EleCtrUChem}StrY for photovoltaic applications. Raman analyses showed the presence of MOF clusters in the TiO5 sol-gel network.

Ig[eml'or,gamc frameworks Using the Brunauer-Emmett-Teller method, the resultant composite material exhibited a surface area of 111.10
omposite 2,1

m? g1 as compared to the surface area values of 262.90 and 464.76 m? g~! for TiO, and MOF, respectively. The
small optical band gap values of 2.63 for direct electronic transition and 2.70 eV for indirect allowed electronic
transition in TiO2/MOF composite were observed using ultraviolet-visible supported by cyclic voltammetry (CV).
The chronoamperometry (CA) results showed the current drop of 0.21 mA observed at 0.025 s for TiO3 and the
current drop of1.00 mA for MOF and 1.4 mA for TiO2_MOF composite at 0.3 s. The stability of the composite was
achieved through the synergistic effect of MOF on TiO3 which resulted in a high current density. Electrochemical
impedance spectroscopy showed a fast electron transfer as well as high ionic conductivity. The overall power
conversion efficiency of 0.722% along with a photocurrent density of 0.46 mA cm™2 was achieved for the
composite. The approach proposed in this work is facile and can be used for the large-scale fabrication of efficient
and flexible photoanode electrodes for photovoltaic applications.

Titanium dioxide
Photovoltaic studies

1. Introduction

Globally, there has been a dynamic change in the energy outlook
over the years due to the negative environmental impact associated with
the use of fossil fuels and the exponential growth in technologies (i.e.,
optoelectronic applications such as touch screens, solar modules, and
photodetectors and electric vehicles). These factors have fostered the
development of clean, diversified, sustainable, and low-cost renewable
energy systems (i.e., photovoltaic solar cells, wind turbines, etc.) to
become valuable for energy provision and technological sustainability
[1, 2]. The use of solar power to produce clean energy is made possible
through the R&D of smart materials to be fabricated into photovoltaic
(PV) devices. Photovoltaic devices harness the sun’s radiation directly
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into electricity using the photovoltaic effect [3]. There are several types
of solar cells which include perovskite solar cells, organic solar cells,
inorganic solar cells, silicon solar cells, dye-sensitized solar cells (DSSC)
[4-10], etc. Among these types of solar cells, DSSC is regarded as a
potential alternative technology [4], due to its low cost, easy fabrication,
and relatively high efficiency. The first work concerning PVs was first
reported by Gratzel and O’regan in 1991, which employed the use of
DSSC in the production of electric energy from the energy package of
light [5]. The effective operation and efficiency of DSSC depend on the
type of semiconductors employed. The semiconductors should possess a
smaller energy bandgap to facilitate the photo-excited electrons arising
from moderate or low energy photons efficaciously for power energy
conversion (PEC) [8-10]. For a while, titanium dioxide, TiO has been
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employed as a photoanode used in the DSSCs due to some of its favorable
properties in photovoltaic studies such as high chemical and optical
stability, non-toxicity, low cost, and corrosion resistance [11-14]. TiO4
materials can be prepared in several methods such as physical vapor
deposition, chemical vapor deposition, hydrothermal, solvothermal and
sol-gel methods [12-17]. Among these methods, sol-gel method is more
convenient and it produces TiO2 materials with high purity, homoge-
neity, felicity, and flexibility [15,17]. There are three commonly known
phases of TiO, (i.e., rutile, brookite, and anatase) found in nature.
Amongst the three, anatase was found to be the most stable form of TiOy
in the nano-sized particles, even though rutile is the most thermody-
namically stable form [11]. Qin et al. [13] reported that porous pure
anatase possesses a high surface-to-volume ratio, which is coupled with
the surface charge density and has an n-type junction. This has made
pure TiO, (with its several features) a good candidate for photovoltaic
applications with a power conversion efficiency (PCE) of 5.5% [15].
Nonetheless, TiO, has high electron recombination of photo-excited
electrons and weakly absorbs in the visible regions of the spectra [16].
It has been shown that coating the surface of titanium particles with a
nanoscale-thick layer of metal-organic frameworks (MOFs) results in a
substantial increase in open-circuit voltage due to inhibited interfacial
charge recombination in dye-sensitized solar cells [17-20]. In partic-
ular, MOFs have emerged as next-generation materials for various ap-
plications (including DSSC) due to their tailorable porosity, large
specific surface area, rich redox metal centers, and tunable chemistry
(organic linker or metal centers). MOFs are sponge-like crystalline ma-
terials made by combining the organic groups through strong bonding
components known as organic linkers [19]. Molecular engineering and
advancing synthetic technologies have permitted the development of
novel MOFs with unique compositions, topologies, and/or architectures,
which has resulted in the overwhelming interest in the synthesis of
MOFs [20]. Some of the reported synthetic methods include (i) elec-
trochemical synthesis (which was firstly reported in 2005 by researchers
at BASF) [20]; (ii) microwave-assisted method (which involves an
introduction of energy using microwave irradiation depending on the
interaction between electromagnetic waves and electric charges) [21];
(iii) sonochemical synthesis (which uses a high-energy ultrasound to the
reaction mixture) [22]; (iv) mechanochemical method (which employs
mechanical energy in a chemical reaction) [22]; and (v) solvo/hy-
drothermal synthesis (which is a commonly known method to prepare
MOFs via conventional electric heating in a rector) [21,22]. It was seen
that the quality of the crystals obtained by the solvothermal method is
similar to those produced by the regular microwave-assisted method
[21]. MOFs have been extensively studied for various applications such
as heterogeneous catalysis, drug delivery, gas sensing, separation, and
storage [23-36]. This is because of their ultra-high surface area,
porosity, and tunable functionality [28-32]. Therefore, TiO2/Cu-MOF
composite sol-gel possesses synergetic properties of both TiOy and
Cu-MOF materials, resulting in a better photovoltaic device. Lee et al.
[25] demonstrated the use of a Cu-based MOF decorated with TiO,
sol-gel (TiO2—Cu-MOF composite) which achieved the highest PCE of
0.26%. They also showed that the increased power conversion efficiency
of TiO5/Cu-MOF was 0.46% with the addition of carbon nanotubes
(CNTs). In another study, the TiO2/Ru-MOF composite exhibited a
power conversion efficiency of 1.22% [26]. Moloto et al. [27] reported
that TiO2-Zn-MOF with current-potential curves and photocurrent
density of 1.01 mA cm™2 as well as photo-efficiency of 0.67%. It is
noteworthy to investigate the feasibility of Cu-based MOF on a TiO,
surface in a solar cell. Previous studies demonstrated the thin film of
ruthenium-based MOFs is synthesized using a layer-by-layer technique
in a TiOg-based liquid junction solar cell [26]. Herein, we report on the
synthesis of a TiO—Cu-MOF composite prepared using the sol-gel
method and used for the first time as a photoanode which demon-
strated an enhanced efficiency when fabricated into a photovoltaic de-
vice. The weight percentage of the MOF loading was 10 wt.% of the
titanium precursor. The interaction between TiO; sol-gel and Cu-MOF
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was confirmed through X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), dif-
ferential thermal analysis (DTA), Raman spectroscopy, transmission
electron microscopy (TEM), scanning electron microscopy (SEM) and
Brunauer-Emmett-Teller (BET) method. It was discovered that the
overall optical absorption was improved using TiO_MOF composites.
Furthermore, the effects of combining Cu-MOF and TiO; sol-gel on
photovoltaic performance were investigated via photocurrent response
density measurements and electrochemical impedance spectroscopy
(EIS). The fabricated solar cells achieved a maximum PCE of 0.722%,
which was due to the synergistic effects of increased photocurrent
density, faster electron transport, and reduced charge recombination.

2. Experimental section
2.1. Materials

Copper nitrate trihydrate (CuHgN20g) (> 99% unadulterated), tita-
nium (IV) tetraisopropoxide (TTIP) (> 99% unadulterated), trimesic
acid (H3BTC, > 98%), sodium hydroxide (NaOH), acetic acid (glacial),
1-methyl-2-pyrrolidinone, nickel foam substrate, 0.5 mol L™ lithium
iodide, copper nitrate, and chloroplatinic acid hydrate (H2PtClg) were
purchased from Sigma Aldrich, South Africa. Acetonitrile, dime-
thylformamide (DMF), ethylene glycol, 2-propanol, and 1-octanol were
purchased from Merck, South Africa. The parafilm plastic film was ob-
tained from Bemis, South Africa. Acetic acid, acetyl acetate, ethanol
(EtOH), and methanol were purchased from Rochelle Chemicals, South
Africa.

2.2. Synthesis of TiO2/MOF composite

A copper-based MOF was synthesized by following the reported
hydrothermal procedure of Ramohlola et al. [32]. Concisely, 4.5 mmol
of Cu(NOs3)2-3H-0 in hot distilled water was mixed with 2.5 mmol of
H3BTC (1,3,5 tricarboxylic acid benzene/trimesic acid) in hot ethanol.
The subsequent mixture was placed in an autoclave and then subjected
to a heating treatment for 36 hrs in an oven at 120 °C. The TiOy and
TiO5_MOF composite were prepared using a sol-gel synthetic procedure
[15,17,27] with some modifications. Titanium isopropoxide (TTIP) was
stabilized using glacial acetic acid and subjected to hydrolysis with
deionized water. The titanium solution was stirred vigorously for 1 hr. In
the case of TiO,_MOF composite, about 10 wt.% of MOF to TIP was
added to the titanium sol and the mixture was stirred for 2 hrs and
adjusted to pH 5 using a 25% ammonia solution to initiate the
condensation process. The solution was then left for 24 hrs at 50 °C and
after cooling, the solution was filtered and dried at room temperature for
24 hrs to yield 8.54 g of the desired product.

2.3. Electrode preparation

The photovoltaic cells were fabricated according to literature
methods [38] with minor modifications. The Ni foam as the substrate
was cut into 1 ecm x 1 cm dimensions and pasted with a slurry prepared
from the photoanode materials (i.e., TiO3, MOF, and TiO2_MOF com-
posite). The slurry was prepared by mixing and grinding 1.00 g of TiO,
MOF, or TiO,_MOF composite with 0.0005 g of polyvinylidene fluoride
(PVDF) and 0.30 mL of 1-methyl-2-pyrrolidinone (NMP) in a quartz
pestle and mortar [39]. The electrochemical evaluation (CV, EIS, and
CA) of the prepared electrodes was done in a three-electrode cell
configuration (0.1 M NaySO4 as electrolyte) using the Biologic instru-
ment (VMP300, EC-lab software) in a temperature-controlled environ-
ment at 25 °C. The photocurrent density (I-V curves) was measured at a
potential range of 0.3-1.0 V under light conditions at a scan rate of 0.10
Vs~ ! using a solar simulator equipped with a halogen lamp (potential =
12 V, power = 20 W, power density = 64 mW m2, Germany, to
determine the photocurrent response of the photoanode materials). The
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Fig. 1. Experimental and simulated XRD patterns for (a) TiO5 and (b) MOF. XRD patterns of TiO,_MOF experimental and simulated with TiO5 (¢) and MOF

(d) patterns.

EIS was performed at a frequency range from 0.1 Hz to 100 kHz with an
open circuit potential (the Z-fit tool was used for EIS data fitting anal-
ysis), and CA analysis was measured at a current density of 2.0 A g~ *.

2.5. Characterization technique

Electronic absorption spectra of the materials were documented
using a wavelength range of 300 nm — 900 nm over a single front lens at
moderate temperatures of around 25 °C utilizing a UV-vis spectropho-
tometer under ethanol. Structural studies of TiO2_MOF composite and
its precursors were carried out using XRD, Phillips 1830 fitted out with a
fine focus lens with a wavelength (1) peak position of 1.54 angstrom, for
both qualitative and quantitative analysis. The crystallography infor-
mation files (CIF) of TiO and MOF were used in order to plot the XRD
simulated pattern. The CIF files were introduced to MAUD software and
the powder diffraction analyses were taken. An Agilent Cary 600 Series
FTIR spectrometer was used for the identification of functional groups to
validate the synthesized TiO3, MOF, and TiOz_MOF composite. The
FTIR spectra were obtained at room temperature in the wavenumber
range between 400 and 4000 cm L. The surface morphology was studied
using scanning electron microscopy (SEM on an FEI Nova 600 instru-
ment) performed at 30 kV. To avoid charging the samples, all the
samples were carbon-taped and attached onto aluminum and gold/
palladium. A Raman analysis (micro-Raman mod; Jobin-Yvon T64000,
wavelength = 532 nm) was done at a focal plane of 1.5 um in diameter.
The BET surface area and pore diameter of the synthesized materials
were determined using Micromeritics Tristar 300, outgassing the sam-
ples at 150 °C for 4 hrs, and gas sorption using liquid nitrogen
(=195 °C). The thermal stability of the materials was conducted using a
TGA (Perkin Elmer 6000). Prior to the analysis, the sample (10 mg) was
heated in an alumina cup at a temperature starting from a range of 35 °C

up to a maximum of 800 °Cat a constant heating rate of 10 °C min .

3. Results and discussions
3.1. Structural characterization

Fig. 1 shows the XRD patterns for TiOy, MOF, and TiO;_MOF com-
posite. The patterns in Fig. 1(a) for TiO2 show the diffraction peaks at 20
= 25.0°, 38.3, 48.0, 54.0, and 62.0°, as an indication of the presence of
the anatase TiO, phases for the hkl indexes of (101), (004), (200), (105)
and (204) corresponding to the simulated pattern (JCPDS no: 21-1272),
respectively. The findings are similar to the work reported by Alwin et al.
[17] and Devi et al. [40]. It means that the TiO, particles are favorably
crystallized in the anatase phase. It was seen that the broad diffraction
peaks are owing to the nanosized anatase crystals from the TiO; sol-gel
network [17]. This was supported by the crystallite size of 16.12 nm for
TiO material calculated using the Debye-Scherrer formula from (101)
plane using Eq. (1) [36,37].

092
"~ pCost

@

where f represents the full-width at half-maximum (FWHM) measured
in radians, 4 for the X-ray wavelength of Cu-Ka radiation, which is
1.5406 A, and 6 stands for the Bragg’s angle. In addition, the calculated
p-spacing (2dsin® = nA) for 101 hkl value was 3.48 A for TiOs.

It is noticeable that MOF has an octahedral crystal structure similar
to the simulated one from crystal structure information data (CSID)
(Fig. 1(b)). This shows that the structural phases of MOF known as
HKUST-1 were well-maintained with high purity [28-32]. Furthermore,
MOF showed well-defined sharp peaks as an indication of a highly
crystalline compound [33-35]. The intense patterns were indexed at 26
=6.9, 9.2, 11.50, 13.27 and 18.85° for (200), (220), (222), (400) and
(440) planes [33-35], respectively. It was seen at lower 20 that the
intense peaks were characteristics of a microporous material, which had
several tiny pores or cavities [28-35]. This was also supported by the
crystallite size of 99.76 nm for MOF material calculated using the
Debye-Scherrer formula from (222) plane and p-spacing of 7.69 A.On
the other hand, the diffraction peaks emanating from the TiO, spectrum
were noticed in the TiO;MOF composite as shown in Fig. 1(c) by a
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Table 1
BET parameters, optical and electrochemical properties of TiO», MOF and TiO,/MOF nanocomposite.
Material BET Surface area (m?g ') Pore width (nm) Optical Bandgap (eV)* ED% (V) B (V) Enomo (€V) Erumo (V)
Ni foam - - - 0.40 0.35 -5.1 —4.35
TiO, 262.90 2.66 3.15 0.41 0.33 —5.08 —4.34
MOF 464.76 2.56 2.96 0.63 0.50 —5.25 —4.12
TiO,_MOF 111.10 3.40 2.63 0.47 0.24 —4.99 —4.28
% Optical bandgap using direct allowed transition.
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Fig. 2. (a) BET plots and (b) FTIR of TiO,, MOF, and TiO, MOF composite; (c) DTA-TGA curves of TiO,; (d) DTA-TGA curves of MOF; (e) DTA-TGA curves of

TiO,_MOF; and (f) TGA of TiO,, MOF and TiO, MOF composite.

simulated TiO; pattern. The TiO,MOF composite phases were shown by
the most crystalline peak at 26 = 25.0° for the 101 hkl index of the TiO2
phase [17]. Moreover, the peaks originated from MOF in the pattern of
TiO5_MOF composite (Fig. 1(d)) were also simulated and indexed at 26
= 6.9, 9.2, 11.62, and 13.27 ° for (200), (220), (222), and (400)
[33-35]. It was seen that the MOF has not affected the anatase phase
formation of TiO; crystals during synthesis [15,17]. The crystallite size
of the TiO2_MOF composite was found to be 123.41 nm with a p-spacing
of 3.52 A, which is consistent with the reported TiO5 sol-gel composites
[17,27]. The amount of MOF crystallinity in the TiO,_MOF composite
was estimated from its phase intensity by applying Vegard’s law and
found to be 9.031 wt.%.

In XRD, the lattice strain (¢ = pfcos6/4) and dislocation density (p =
1/D?) of the TiO2, MOF, and TiO,_MOF composite can be determined
from full-width at half-maximum, and crystallite size. The lattice strain
in TiOy, MOF, and TiO3_MOF composite was found to be 21.5 x 10’4,
3.47 x 1074 and 2.81 x 1074, respectively. This indicates a reduction of
lattice strain upon composite formation. The p values were estimated to
be 38.46 x 10'* lines m~2 for TiO5 and with a reduction dislocation
density of 0.6646 x 10'* lines m™2 for composite and 1.0146 x 10'*
lines m~2 for MOF. The lower p value of TiO,_MOF indicates that the
composite has a high degree of crystallinity as compared to TiO2 due to
the presence of MOF as an indication of a suitable material for photo-
voltaic solar cells
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Fig. 3. Raman images (a) and (b) and spectra (c) of TiO,/MOF composite.

The BET results for surface area and porous structure obtained from
nitrogen adsorption measurements were evaluated at 77 K are listed in
Table 1 and given in Fig. 2(a). The specific surface area of the TiO,_MOF
composite was found to be 111.10 m? g1, which was lower than the one
of TiO; (262.90 m? g 1) and MOF (464.76 m? g 1). The addition of 10%
MOF has a substantial change in the surface area of the composite due to
the formation of agglomerates [34,35] and MOF occupying the pores of
the TiO, network [17]. It was demonstrated that the MOF clusters may
be attached to the surface of the sol-gel network and either increase the
surface area or be left unchanged depending on the surface area of the
MOF [17]. However, the pore width in the composite was observed to be
a bit higher as compared to TiO; due to the introduction of MOF. The
surface area and pore width observed in the TiO,_MOF composite in-
dicates that the composite can have an influence on a carrier transport in
solar cells.

Fig. 2(b) shows the FTIR spectra for TiO, MOF, and TiO_MOF
composite. In the spectrum of TiO,, the characteristic anatase TiO; is
confirmed by the peaks at 627 cm ™! and 1404 cm ™, which are ascribed
to the Ti-O stretching vibration and Ti-O-Ti stretching vibrations,
respectively. The FTIR spectrum of MOF shows two small peaks at 731
and 761 cm™! that corresponds to in-plane and out-of-plane C—H
bending modes on the benzene ring in MOF [28-30]. The strong peak at
1371 ecm™! is due to the vibrational mode of the R-C-O stretch of
Cu-MOF [33]. The peaks at 1489 and 1550 cm~! are assigned to the
symmetry and asymmetry vibrational modes of C=0 of carboxylate
groups in both MOF and composite [34,35]. The peak at 1645 em™?
attributed to the C=C vibrational of the benzene ring in MOF was
observed [31,32]. After the formation of the TiO,_MOF composite, a
broad peak in the region of 400 — 1000 cm™! is due to the vibrational
mode of the Ti-O stretching bond [40]. The weak peaks at 2200 and
2400 cm ! are attributed to TiO2 asymmetric in both TiO2 and com-
posite [40,41]. The broad peaks in the region of 3000 and 3400 cm ™! are
assigned to the vibrational modes of Ti-OH of TiO3 and OH that show the
existence of hydrated Cu-MOF [41,28]. Both TiO3 and MOF vibrational
modes were observed in the TiO MOF composite spectrum as an
indicative of composite formation. Fig. 2(c)-(f) shows the TGA and

differential thermal analysis (DTA) for TiOj, MOF, and TiO,_ MOF
composite. In Fig. 2(c), the TGA curve of TiO2 shows one small degra-
dation step that is due to the loss of moisture and this suggests the sta-
bility of TiOz while the DTA curve shows one small exothermic peak of
TiOs. This is in contrast with Zoccal et al. [42], where they observed two
degradation steps which are due to the loss of water and pyrolysis. Fig. 2
(d) shows the TGA curve with the two main degradation steps of MOF.
The first degradation step corresponds to the loss of water and ethanol,
and the second degradation step corresponds to the loss of organic linker
and the product remains with CuO. The DTA curve in Fig. 2(d) agrees
with the TGA and shows the two main exothermic peaks [32]. Fig. 2(e)
shows two small degradation steps, which correspond to the loss of
water and organic linker of MOF in the composite. This indicates the
presence of MOF in the TiO;_MOF composite. In addition, the DTA
curve in Fig. 2(e) shows the two small exothermic peaks. Therefore, the
TGA curves in Fig. 2(f) suggest the improvement in the thermal stability
of the TiO,_MOF composite as compared to MOF.

This was further confirmed by Raman’s analysis of the TiOy_MOF
composite as represented in Fig. 3 which shows the Raman images (a
and d) and spectra (c) of the TiO,_MOF composite. The strong vibra-
tional mode in the composite around 140 cm™! is assigned to the sym-
metric stretching vibration of a single crystal (Eg) for O-Ti-O in TiO2
[41]. Three weak vibration modes at a wavenumber of 399 cm ™! (Blg),
513 cm~(Alg), and 639 cm™! (Eg) are caused by the antisymmetric
bending vibration of O-Ti-O [40,41]. The vibrational modes at 193-172
em™! for MOF in the composite were observed due to the presence of
Cu-O and Cu-Cu stretching modes [43]. The vibrational mode in the
region of 790-810 cm ! for composites is attributed to the C—H of the
aromatic ring stretching mode of the MOF component [32]. Further-
more, the 1450-1510 cm ™~ region in the composite shows the presence
of C=0 attached to the aromatic ring in MOF [32].

Fig. 4(a) shows a pure TiO5 smooth granule shape [40]. As shown in
Fig. 4(b), MOF displays usual irregular crystals which possess octahedral
shapes with smooth surfaces [28]. The intervention of TiO3 and MOF is
shown in Fig. 4(c), which shows uniformly arranged particles with an
irregularly shaped aggregate on the surface. The particles are well
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Fig. 4. SEM images of (a) TiO,, (b) MOF, and (c) TiO,/MOF; and (d) particle size distribution of TiO»/MOF.

interconnected with each other and form a continuous network struc-
ture. The appearance was similar to the TiO2-Zn-MOF reported by Alwin
et al. [17]. It is noteworthy to indicate that the network structure of the
TiO_MOF composite is highly porous and the porous morphology is
visible from the SEM image (Fig. 4(c)). It is also well-known from the
image that the microporous MOF clusters are attached to the surface of
the TiO, network [17].

In addition, it was seen that the continuous arrangement of the pore-
solid network was also evident from the SEM image with major particle
sizes ranging between 4 and 6 pm (Fig. 4(d)). The fitted surface area
from particle size distribution was found to be 69.337 m? g~! which was
supported by the BET analysis above.

3.2. Optical characterization

The UV-visible spectra of TiOy, MOF, and TiO2_MOF composite are
presented in Fig. 5(a). The TiO5 shows an absorption maxima at 342 nm
which corresponds to the p-d transition of TiO5 [17]. The MOF has an
absorption band at 357 nm, which is attributed to the ligand-to-metal
charge transfer [43]. Remarkably, different metal ions and ligands in
MOF have varied interactions and distinct optical absorption, which
make them suitable photocatalysts [43,44]. The introduction of MOF on
the TiO, surface resulted in a redshift of the p-d transition of TiO5 due to
light-harvesting of MOF [44]. It was reported that the absorption of a
photon with energy equal to or greater than the bandgap results in the
excitation of an electron from the valence to the conduction band,

leaving a hole in the valence band [45]. The generation of an
electron-hole pair within the same molecule corresponds to the optical
bandgap energy [45]. Based on the UV-vis spectra (Fig. 5(a)), the op-
tical bandgap energies were determined using the Tauc plot by Eq. (2)
[36,37,38]:

ahv(v) = p(hv — Eg)" @

The assumturity coefficient is represented as «; frequency of light as
v; and B for the bandgap tailing parameter. The plank constant and
optical band gap energy is represented as h and Eg, respectively. The n
symbol in Eq. (2) represents the transition probability index for direct
and indirect allowed electronic transitions with n values of 1/2 and 2,
respectively. The Eg values were presented in Fig. 5(b,c) and (d) for
direct and indirect allowed electronic transition of TiO,, MOF, and
TiO2/MOF composite. The composite has been shown to have a small
bandgap of 2.63 and 2.70 eV for direct and indirect allowed electronic
transitions (Fig. 5(d) and Table 1). The smaller bandgap energy of TiOy/
MOF material indicates that there are some new electronic states be-
tween the valence and conduction bands of TiO5 [17]. It was also shown
the smaller bandgap increases the photoactivity of the material in a
wider range of solar spectrum which is favorable to achieving better
performance in a photovoltaic cell.
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Table 2
Fitted circuit parameters of EIS of Ni foam, TiO», MOF and TiO/MOF composite
and calculate ionic conductivity.

Material Electrolyte Rs CPE Ret Conductivity (uS/
Q) (uF) (kQ) cm)
Ni foam 0.1 M 19.7 184 114 0.9
NaySO4
TiO, 0.1 M 23.3 25.7 89.6 1.1
NaySO4
MOF 0.1M 21.3 153 11.9 8.4
NaySO4
TiO,_MOF 0.1 M 15.3 172 1.21 82.6
Na,SO4

3.3. Electrochemical characterization

It is well known that the electron injection into a neutral molecule
(first reduction process) and electron extraction from a neutral molecule
(first oxidation process) are electrochemically determined using CV
[45]. Fig. 6(a) shows the overlaid cyclic voltammograms of bare Ni foam
(blank), TiO2, MOF, and TiO5_MOF composite. The potential for the first
ring oxidation and reduction, Ej/2(0x) and Ej/a¢ed), respectively are lis-
ted in Table 1. From these values, the highest occupied molecular orbital
(Enomo) energy levels were calculated according to Data et al. [46] using
Eq. (3):

Enomo = — (Ei/area) +4.75) eV 3)

The Egomo values were found to be —5.10, —5.08, —5.25, and —4.99
eV for bare Ni foam, TiO,, MOF, and TiO,_MOF nanocomposite,
respectively. A significant lowering of Eyomo was observed due to an
increase in the electronic properties of the composite caused by the
addition of MOF. On the other hand, the lowest unoccupied molecular
orbital (Epymo) values are determined using Eq. (4) [46,47]. In this
work, the Eymo values were calculated using Eq. (4) and found to be
—4.35, —4.34, —4.12, and —4.28 eV for bare Ni foam, TiO,, MOF, and
TiO5_MOF composite, respectively.

Erumo = —( — Eijaiox) +4.75) eV 4)

The EIS is usually used to examine the dynamics of electron transport
and recombination across interfaces [33]. Fig. 6(b) shows the Nyquist
plots of the bare Ni foam, TiO,, MOF, and TiOy_MOF composite, the
experimental data were fitted using the Z-fit software according to the
electrical equivalent circuit. It comprises Voigt RC elements, involving a
solution/electrolyte resistance (Rs denoted as R1), charge-transfer
resistance (Rct denoted as R2), and constant phase elements (CPE or Q
denoted as C2) as shown by inset (i) in Fig. 6(b). The diameter of the
semicircle from the Nyquist curve provides information about the Re. As
seen in Fig. 6(b), the semicircle of TiO,_MOF composite (inset (ii)) is
smaller than the one of TiO, material, which suggests the reason for
enhanced electrochemical properties caused by MOF. The values of the
fitted EIS parameters are summarized in Table 2. The Rs value decreased
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with the introduction of MOF content as compared to TiO, material from
23.32 Q to 15.3 Q in the composite. This indicates that the composite
provides better contact with the Ni foam substrate which results in
improved electronic performance than pristine TiO2 [17]. The total ionic
conductivity (8) is estimated from the charge-transfer resistance (R()
using the thickness (t) and the cross-sectional area (A) by the following
relation in Eq. (5).

5 =t/(RqA) )

The total ionic conductivity of Ni foam, TiO,, MOF, and TiO;_MOF
nanocomposite was found to be 0.9, 1.1, 8.4, and 82.6 uS/cm, respec-
tively. The lower value of ionic conductivity observed in bare Ni foam
and TiO5 was due to high charge-transfer resistance, because it limits the
total ionic conductivity in the materials. It was seen that the introduc-
tion of MOF increased the ionic conductivity. The comparison of the
results obtained in this work with the previous reports in the literature is
presented in Table 2, which shows that the ionic conductivity obtained
in this work is in good agreement with the values reported previously
[33]. In addition, a logarithmic of impedance and phase angle are both
plotted as a function of logarithmic frequency to give a Bode plot. The
phase angle vs log frequency curve of the TiO,_MOF composite (Fig. 6
(c)) shows a broad peak and the peak height is proportional to the
charge-transfer resistance response. The lower charge-transfer resis-
tance values occurring at the higher frequency indicate that the
TiO5_MOF composite possesses a high ionic conductivity as observed in
the Nyquist plot. The lifetime (t) of the composite was estimated from a
maximum peak frequency (fax) of 57.5 using Eq. (6) [48] and it was
found to be 2.77 ms.

7=1/2nfnax) (6)

Furthermore, the chronoamperometric method was used to investi-
gate the electrochemical stability of bare Ni foam, TiOs, MOF, and
TiO2_MOF composite which involves measuring current as a function of
time and controlling the voltage. The chronoamperometric current time
response curves are presented in Fig. 6(d). A well-defined chro-
noamperometric response was seen on the curve for all materials with a
high current at the initial stage. A current drop in the chro-
noamperometry curve of 0.50 mA was observed at 0.025 s for Ni foam
and a fast drop in TiO3 of 0.21 mA. The current drops of 1.00 and 1.40
mA were observed at 0.3 s for MOF and TiO3/MOF composite, respec-
tively. It was seen that the introduction of MOF resulted in a high current
density of 1.4 mA which denotes the stability of the electrode surface
[10]. It was seen in this work that the tested current remained constant
for such a long time to indicate the better stability of the composite.

The photocurrent densities of the prepared Ni Foam, TiO2, MOF, and
TiO2_MOF composite were obtained from the cathodic cyclic voltam-
metry scan conducted on the photoanodes in simulated light (64 mW
m~2 intensity), and the results are given in Fig. 7(a). It was shown that Ni
foam, TiO3 and MOF materials possessed photocurrent densities of 0.02
(at 0.38 V), 0.39 (at 0.31 V) and 0.19 (at 0.66 V) mA cm 2. The low
photocurrent is ascribed to the poor light absorption resulting from the
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Fig. 7. (a) Photocurrent response and (b) power conversion efficiency of Ni foam, TiO,, MOF, and TiO,_MOF composite.
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Table 3

Comparison of the photocurrent density obtained for Ni foam, TiO,, MOF, and
TiO,_MOF composites in this study with the literature values prepared using
various methods.

Material Electrolyte Photocurrent Efficiency Ref
(mA/cm?) (%)

Ni foam 0.1 M Na,ySO4 0.02 0.066 In this
work

TiO, 0.1 M NaySO4 0.39 0.617 In this
work

MOF 0.1 M NaySO4 0.19 0.255 In this
work

TiO,_MOF 0.1 M NaySO4 0.46 0.722 In this
work

TiO,—Cu-MOF I3 /I" redox - 0.26 [25]

TiO,—Cu- I3 /I redox - 0.46 [25]

MOF/CNT
TiO2-Ru-MOF I3 /I redox - 1.22 [26]
TiO,-Zn-MOF ACN, LI, I, & 1.04 0.67 [27]
LiClO4
Cu-ZnO 0.1 M NaySO4 - 0.062% [53]

compact nature of the nanoparticles at the material’s surface, which
caused poor charge separation and reduced photocatalytic efficiency
[49]. The maximum photocurrent density of 0.46 mA cm™2 at 0.44 V
was obtained in TiOo_MOF materials. The highest photocurrent density
attained for the composite was well within the many photoresponses
that have been reported for the material under illumination conditions
[50-53]. Table 3 compares the maximum photocurrent attained by the
Ni, TiO3, MOF, and TiO, MOF materials in this work with other re-
ported values in the literature. The enhanced photocurrent obtained for
the TiO,_MOF composite is largely related to the porous nature of the
material’s surface, which created a larger area and increased active sites
for the electron transfer mechanism, thus enhancing the photocurrent.
The power conversion efficiency () of the Ni foam, TiOz, MOF, and
TiO5_MOF composites, was calculated using Eq. (7) [27]:

n= ((E?evffEmea) X I) /Pin @)

where I (mA cm2) is the measured photocurrent density, Epea is the
electrode potential of the working electrode whose photocurrent was
tested under irradiation, E?ev is the standard state-reversible potential
(1.43 V Ag/AgCl) of the working electrode, and P;;, (mW cm2) is the
input power of the simulated light intensity.

The n values estimated for the Ni foam, TiO,, MOF, and TiO;_MOF
composites are given in Fig. 7(b). The highest and lowest n values were
0.722 and 0.066% for the TiO, MOF composite and Ni foam, respec-
tively. The conversion efficiencies of TiO; and MOF were 0.617 and
0.255%, respectively. The n values reported in Table 3 for TiOy_MOF
composite are higher than those reported in the literature at 0.26% using
TiOo/Cu-MOF [25], 0.67% using TiO/Zn-MOF [27], and 0.46% for
TiO2—Cu-MOF/CNT [25], whereas its efficiency value was less than that
of 1.22% using TiO2-Ru-MOF [26]. However, the results are comparable
showing that the Cu-based MOF has the potential to be used to improve
TiO4 properties. The overall power conversion efficiency of 0.722% and
photocurrent density of 0.46 mA cm ™2 for TiO,_MOF composite were
attributed to the increase in the electronic properties of the composite
material [17]. It is shown that Cu-BTC MOFs are the best candidates to
be employed as stabilizing materials for TiO, photoanodes in solar cells.
This is due to their simple synthetic route and environmental friendli-
ness as compared to other MOFs. The heterojunction between TiO; and
Cu-based MOF also improved the thermal stability of the MOFs as shown
above. In addition, the TiO_MOF composite showed higher perfor-
mance as compared to zinc oxide doped with copper (Cu-ZnO) film [53]
in the same electrolyte of 0.1 M NaySO4 solution.
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4. Conclusion

A new class of TiOy/Cu-based MOF composite was prepared by the
sol-gel method and confirmed by XRD, FTIR, Raman, SEM, and BET. The
synthesized materials were employed as photoanode materials for
photovoltaic solar cells. The XRD pattern of the materials confirmed the
phase of the pure MOF and TiO; in the TiO,_MOF composite. Raman
and FTIR spectra revealed the vibrations of benzene rings of MOF and Ti-
O stretches, further confirming the high purity of the nanocomposite
produced. It was found that the thermogravimetric analysis showed an
improvement in the thermal stability of the composite. The optical band
gap values ranged between 3.15 and 2.63 eV from UV-Vis; and the
HOMO-LUMO values using CV were estimated for the TiO,, MOF, and
TiO_MOF composites. On the other hand, the EIS showed that the
TiO5_MOF composite possessed high conductivity. These parameters
make TiO2_MOF composite a suitable candidate for photovoltaic solar
cell applications. A maximum photocurrent and power efficiency of
0.46 mA cm 2 and 0.722% were recorded for the TiO,_MOF composite
under a simulated light source, respectively. The TiO;_MOF composite
was more porous compared to the other films, as revealed by SEM
studies, allowing for easier charge separation of photogenerated charge
carriers and leading to the improved photocurrent observed. Notwith-
standing, the sol-gel method for preparing TiO2_MOF composite used in
this study showed promising photocurrent response and could also be
employed for making TiO, MOF composite for photovoltaic
applications.
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