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Abstract

A series of MOF-ZnO nanocomposites with different content of ZnO nanorods were synthesized
via a facile hydrothermal reaction. X-ray diffraction (XRD), UV-vis spectroscopy, field-emission
scanning electron microscopy (FE-SEM), EDX, BET and FT-IR were employed to characterize
the prepared samples. According to the UV-Vis spectroscopy, the porphyrin center was filled
with a Cu atom in Cu—TCPP. BET analysis shows that the surface area of Cu-TCPP MOF-ZnO
nanorods composite was decreased compared to Cu-TCPP MOF. Therefore, ZnO nanorods
covered on the surface of the Cu-TCPP MOF crystals and distributed between the MOF
nanosheets. Photocurrent measurements determined that MOF-ZnO nanocomposite with 15% of
ZnO nanorod exhibited higher photoactivity under visible light irradiation. In the prepared
nanocomposite, MOF sheets act as electron transport channels to efficiently separate the
photogenerated charge carriers from ZnO nanorods. It is hoped that our current work could
promote increased interest in designing the nanocomposites of one-dimensional semiconductor

and two-dimensional MOFs for different photoassisted applications.

Keywords: Porphyrin, Metal organic framework, ZnO nanorod, Photocurrent generation

Introduction:

Photocurrent measurement could feasibly be an analytical tool of low cost and high sensitivity
due to the plentiful availability of substrates, repeatable use and elimination of undesired
background signals by light excitation and current detection [1, 2]. This process is based on the
electron transfer among an electrolyte, a semiconductor, and an electrode under the light

illumination [3]. Photoelectrochemical method is more sensitive than electrochemical method
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[4]. Electrochemical method has some unwanted background signals. In photoelectrochemical
method, the excitation source (light) and the detection signal (photocurrent) are separated.
Therefore, both optical and electrochemical methods together, eliminate these background
signals [5]. Nowadays, researchers in this field continue to be devoted to new materials and
assembly of photosensitizers for more an efficient conversion of light into electricity and rapid
photoresponse [6, 7]. Ahmed and coworkers prepared a film on ITO of porphyrin-
polyoxometalate hybrid material by the Langmuir-Schaefer inverted transfer method.
Photocurrent generation was measured to determine the photovoltaic performance of the
prepared Langmuir-Schaefer film. The results determined that porphyrin as an electron donor
and light harvesting agent, significantly increases the photocurrent response of prepared film [8].
Porphyrin dyes and their derivatives play an important function in several applications, such as
solar energy conversion [9], medical imaging [10], photo therapy [11], photocatalysis [12] and
sensing [13]. Due to their broad light absorption and preferable photoelectric activity,
photoelectrochemical cell based porphyrin photosensitizer can be used as a simple model of
charge separation and electron transport which occur in nature [14]. Furthermore, they act as an
agent in energy conversion devices such as dye sensitized solar cells [15]. In 2014, Zahao and
coworkers prepared porphyrin-[60] fullerene polymers to generate photocurrent. In the
synthesized polymer, the efficient photoinduced electron transfer from singlet excited porphyrin
to fullerene. The linking of porphyrin to fullerene resulted in the formation of charge separated
state with a lifetime as long as 140 us [16]. Investigation to devote an efficient photosensitizer
for high conversion of light into electricity and rapid photoresponse is currently under intensive

research and development.
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Metal-organic frameworks (MOFs), or porous coordination polymers (PCPs), are a class of
crystalline hybrid materials with unique optical and electrical properties [17]. These compounds
form by the connection of metal centers or clusters, as nodes and coordinating ligands as linkers,
which import high porosity in the MOFs structure [18, 19]. Some of the unique properties of
MOFs are the large surface area, ordered crystalline structure, and highly regularized pores [20].
During the past decade MOFs have potential for useful applications including fuel cells, solar
cells, and catalysis processes [21]. Organic ligands play an important role in the application of
MOFs. In porphyrin based MOFs, porphyrin chromophores are assembled into ordered

supramolecular solids which yields high-performance photoactive materials.

Tetrakis(4-carboxyphenyl)porphyrin (TCPP) is a prototypical chromophore which has been used
as a building block in MOFs and photovoltaic applications [22, 23]. In the TCPP based MOFs
the formed C-O-metal bond between TCPP and metal node could act as the electron transfer
channel, facilitating the electron injection from excited porphyrin units to metal nodes in the
MOF structure [24, 25, 26]. On the other world, carboxylate ligand accelerates the ligand-to-

metal (LMCT) charge transfer and site-to-site electron migration within the MOF structure.

Silien and coworkers grew a series of metal organic coordination films with TCPP and trimesic
acide ligands and Cu’" ion linkers on ITO electrodes. The generated photocurrent determined
that TCPP was photoexcited in this blend and photogenerated charges were transported across

the metal-organic multilayers [27].

The principle objective of the present research is to prepare an efficient visible-light
photoelectrode to significantly use the visible light in the photocurrent generation process.
Recently, MOF composites have been promoted increasing interest due to their various

applications [28]. These composites show novel functionalities compared to their individual
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components alone [29, 30]. Yan and coworkers assembled a photoactive molecule into MOFs
system as a host-guest material toward potential photofunctional applications. It was suggested
that the encapsulated molecule can further modify the electronic structure of the host MOF

materials [31].

Herein, we composited Cu-TCPP MOF with ZnO nanorods. ZnO is a [I-VI semiconductor with a
wide band gap and high transmittance in the visible region [32]. The selection of suitable metal
oxide semiconductors is a crucial step to achieve high photoactivity. ZnO as a large-band-gap
semiconductor and photoactive material has been attracted to great attention in recent years due
to the excellent electrical and optical properties [33]. This material has been used in many fields
such as light-emitting diodes, ultraviolet lasers, chemical sensors, solar cells, and so on [34].
ZnO has been widely used as a photoanode in dye-sensitized solar cells [35]. ZnO is a n-type
semiconductor [36] and the d orbital of Zn*" in ZnO is full of electron. Therefore, upon the
irradiation of light, the photoexcited electrons to be easily transferred out of ZnO to generate a

high current [37].

In our experiment, a new nanocomposite was prepared based porphyrin MOF and ZnO nanorods.
Despite the fact that porphyrins were developed and used in solar cells [15], no report on the
photocurrent generation from nanocomposite based porphyrin MOF and ZnO nanorods appeared
in the literature up to now. In this MOF, we use TCPP as a linker and Cu as a node. Due to the
acceleration of the carboxyl group of TCPP in LMCT, high conductivity of Cu atom [38], and
high capability of ZnO in photocurrent generation, the prepared Cu-TCPP MOF/ZnO
nanocomposite is expected to play an important role in the increasing of photocurrent.
Furthermore, the porphyrin MOF and ZnO nanorod effect on photocurrent generation was

investigated and discussed in details.
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Experimental section

Synthesis of ZnO nanorods

ZnO nanorods were prepared according to a method described earlier [39]. ZnO nanorods were
grown in 50 mL of equimolar (0.1 M) aqueous solution of zinc nitrate, Zn(NO3),.xH,0, and
hexamethylenetetramine (HMTA; C¢H2N4) in a conventional reaction flask with a reflux
condenser. The reaction temperature was 95 °C. The reaction time was 8 h for growth of

nanorods.

Synthesis of MOF-ZnO nanocomposite

Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was prepared according to our previous report [24].
Cu—TCPP MOF was synthesized by the solvothermal reaction of Cu(NOs),-3H,0 and TCPP in a
mixture of N,N-dimethylformamide and ethanol [40]. To prepare Cu-TCPP MOF/ZnO
nanocomposite, TCPP (0.03 mmol), Cu(NOs3),-3H,0 (0.03 mmol), DMF 4.5 mL, and ethanol 1.5
mL were mixed at room temperature. After that, a calculated concentration of the prepared ZnO
nanorod solution was added to the mixture. Then the mixture was heated to 80 °C in 30 minutes,
kept at 80 °C for one day and then slowly cooled to 25 °C at 5 °C/h. The synthesized purple
powder was washed with ethanol and collected by centrifuging. Cu-TCPP MOF/ZnO
nanocomposites with three different content of ZnO nanorods (10, 15, and 20 wt%; actual

content was indicated by ICP analysis) were prepared.

Photoelectrochemical measurements

Photocurrent response measurements were carried out using a homemade three-electrode cell

using a KCl-saturated Ag/AgCl electrode, a platinum rod, and Florin doped tin oxide (FTO)

Page 6 of 42



Page 7 of 42

RSC Advances

glass coated with the prepared photoactive materials as the reference, counter, and working
electrodes, respectively. A 20 W white LED lamp was used as a visible light source. The
working electrode was prepared by a drop cast method. Briefly, 15 mg of the prepared
photoactive material was suspended in 0.15 ml EtOH to make a slurry solution. Then, identical
volume of the slurry was dropwised using a micropipette on the surface of FTO glass to cover
the whole surface of the electrodes. The prepared electrodes were dried at 60 °C. An attempt was
made to prepare the electrodes in a way that the thickness and morphology of the prepared
compounds became homogeneous on the surface of FTO. The actual dimensions of the prepared

electrodes was 1.5 in 2 cm.

Analytical methods

Fourier transform infrared spectra were recorded by a FTIR-8400S spectrophotometer
(Shimadzu, Japan) in the range of 400-4000 cm™. The X-ray powder diffraction was recorded by
an XRD diffractometer (Philips X' pert, Netherlands) equipped with Cu ka radiation (A= 1.5406
°A) in a 20 range of 5° <260 < 80°. The surface areas of the materials were determined using the
Brunauer—Emmett-Teller (BET) method from N, adsorption and desorption isotherms which
were measured on a Micrometritics ASAP2020 system. The pore size distribution was calculated
from desorption branches of the nitrogen isotherms applying the Barrett—Joyner—Halenda (BJH)
methods. The structural morphology of the samples was observed by a scanning electron
microscope (SEM, LEO 1455VP (Cambridge, U.K)) and transmission electron microscopy
(TEM) was carried out using an EMIOC-100 kV series microscope that was

purchased from the Zeiss Company, Germany. The UV-vis spectra were performed using a
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double-beam UV spectrophotometer (Shimadzu UV-1700). Photocurrent response measurements

were performed with a potentiostat/galvanostat (wAutolab, Type II).

Characterization of the prepared samples

XRD Analysis

The XRD patterns of the ZnO nanorods, Cu-TCPP MOF, and Cu-TCPP MOF/ZnO
nanocomposites are shown in Fig. 1. All the diffraction peaks in the ZnO XRD pattern are
indexed as the hexagonal wurtzite ZnO structure. According to JCPDS card number 36-1451, the
peaks at 20 values of 31.8, 34.4, 36.3, 47.5, 56.6, 62.9, 66.4, 68.0, 69.1, 72.6 and 77.0 can be
indexed to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) crystal
planes, respectively. No other impurity peaks were detected [41].

The XRD patterns of prepared Cu-TCPP MOF is identical to that reported in the literature,
verified the correction of MOF synthesis [40]. The highly ordered in-plane molecular
arrangement in Cu-TCPP MOF consists of a "checkerboard" motif of Cu-centered TCPP units
linked by binuclear Cuy(COO), paddle wheels [42]. In the XRD patterns of the prepared MOF all

of the reflections could be indexed as (hkl) of the pseudo-2D tetragonal unit cell [40].

<Fig. 1>

As shown in the XRD patterns of the as-prepared nanocomposites, the XRD patterns are the
same for Cu—TCPP MOF/ZnO nanocomposites with different weight addition ratios of ZnO. It is
seen that the Cu-TCPP MOF nanocomposite with 10, 15, 20% contents of ZnO nanorods show

similar XRD patterns as same as Cu-TCPP MOF and no characteristic peaks of ZnO nanrods are
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observed in these XRD patterns. This is probably because of the relatively low content of ZnO
nanorods in the prepared nanocomposites or over shadow of MOF on ZnO nanorod. However,
with the addition ratio of ZnO nanorods at 80%, the main characteristic peaks belonging to the
separate ZnO nanorods can be identified in the XRD pattern. The characteristic peaks of Cu-
TCPP MOF and ZnO nanorods are seen in the XRD patterns of this prepared nanocomposite.

Therefore, both MOF and ZnO nanorods are present in the prepared nanocomposite.

UV-Vis spectroscopy of Cu-TCPP MOF and prepared nanocomposites

UV-Vis spectroscopy is an efficient and powerful method to determine the metalation of
porphyrin. Porphyrins consist the characteristic peaks of one soret band in about 400 nm and four
Q bands in the range of 500-700 nm The number of Q bands decreased from four in porphyrin to
two in metalloporphyrin, which demonstrates that the porphyrin center in metalloporphyrin has
been filled with metal atom [43, 44]. This is because with metalation the symmetry of molecules
is increased from C,, for porphyrin to D4j, for metalloporphyrin [2, 3].

The UV-Vis spectra of TCPP, Cu-TCPP MOF, and prepared nanocomposites was studied in
basic solution (1M NaOH) that was used for dissolving the prepared materials. MOF was shown
to contain only one porphyrin species. The number of Q bands decreased from four in H,TCPP
to one in Cu—TCPP MOF, which demonstrates that the porphyrin center in Cu—TCPP MOF has
been filled with a Cu atom [43]. As shown in curves b-d of Fig. 2, it is determined that the UV-
Vis spectroscopy of Cu-TCPP MOF was unchanged in the presence of ZnO nanorods during the

preparation of the nanocomposites.

<Fig. 2>
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FT-IR Spectroscopy

The FT-IR spectra of TCPP and Cu—TCPP MOF are compared in Fig. 3. As shown in Fig. 3
(Curve f), a strong C=0 stretching band can be observed at approximately 1700 cm™ in the FT-
IR spectrum of pure TCPP [24]. Cu—TCPP MOF and prepared nanocomposites shows an almost
vanished peak around 1700 cm™ and two new peaks at 1620 and 1400 cm™', which indicates the

coordination of the carboxyl group in TCPP to the Cu atom.

<Fig. 3>

Morphological Characterization

Scanning electron microscopy (SEM) images were taken to directly analyze the morphology of
the prepared samples and the effect of compositing on the microscopic structure of the samples,
are displayed in Fig. 4. As can be seen in the Fig. 4A, 3D flower-like Cu-TCPP MOF was
prepared through a solvothermal process. The thickness of each sheet in the prepared Cu-TCPP
MOF was 15-20 nm. Furthermore, no other morphologies can be detected, indicating a high
uniformity of the product with the 3D hierarchical flower-like morphology. It can be observed
from Fig. 4B that the diameter of blank ZnO nanorods were 100-300 nm. The results
demonstrate that the one-dimensional ZnO nanorods were deposited onto Cu—TCPP nanosheets
with a unique two-dimensional structure during the hydrothermal process. With regard to the
SEM images of Cu-TCPP/ZnO nanocomposite (Fig. 4C) in the presence of ZnO nanorods, the
morphology of MOF nanosheets was changed. On the other hand, ZnO nanorods are not seen in

the SEM images of nanocomposites. Therefore, they were wrapped by Cu—TCPP nanosheets.
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The EDX analysis of Cu-TCPP/ZnO nanocomposite is shown in Fig. 4D, verified the presence of

both Cu and Zn atom in the Cu-TCPP/ZnO nanocomposite structure.

<Fig. 4>
The morphology of the Cu-TCPP MOF/ZnO nanocomposite was further investigated by
transmission electron microscopy (TEM). In the TEM images of the prepared nanocomposite,
ZnO nanorods are seen on the surface of MOF nanosheets. Therefore, ZnO nanorods

encapsulated into the Cu-TCPP MOF during the preparation process.

<Fig. 5>

BET Analysis

The specific surface area and porosity of the as-prepared Cu-TCPP MOF and Cu-TCPP
MOF/ZnO nanocomposite were investigated using nitrogen adsorption and desorption isotherms
(Fig. 6A). As shown in this figure, CaTCPP-MOF and Cu-TCPP MOF/ZnO nanocomposite
display a type IV with H2 hysteresis loop N, adsorption isotherms which is attributed to
mesoporous solids according to the IUPAC classification. The obvious decrease of the surface
area and pore size distribution (fig. 6B) from Cu-TCPP MOF/ZnO nanocomposite to the Cu-
TCPP MOF illustrates that ZnO nanorods covered the surface of the Cu-TCPP MOF crystals and

distributed between the MOF nanosheets.

<Fig. 6>
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Light-induced photocurrent investigation

A schematic illustration of the photoelectrochemical system fabricated using the Cu-TCPP
MOF/ZnO nanocomposite modified electrode is shown in scheme 1. To investigate the influence
of ZnO nanorod and Cu-TCPP MOF compositing on the photoelectrochemical properties of the
prepared nanocomposite, the photocurrent response was measured under visible light irradiation.
To investigate the power of light on the photocurrent response the 5 and 20 W white LED lamp
was investigated in the photocurrent generation process. As shown in Fig. 7, the generated
photocurrent with 20 W LED lamp was higher than 5 W LED lamp. Therefore, the 20 W LED
lamp was used in the photocurrent generation process. The photocurrent intensity is related to the
wavelength of the light [45]. The spectra of the 20 W white LED lamp is shown in the inset of
Fig. 7. The diffuse reflectance spectrum of the prepared nanocomposite is shown in Fig. 7. As
shown in this figure the prepared MOF nanocomposite can absorb the irradiation in the visible
light range. In addition, the white LED lamp has a peak at 460 nm and a broad peak in the range
of 500-650 nm. Therefore, a complete correspondence is observed between absorption ability of

prepared MOF composite and the used white LED lamp.

<Fig. 7>

The results of photocurrent generation using ZnO, Cu-TCPP MOF, Cu-TCPP MOF/ZnO (10%),
Cu-TCPP MOF/ZnO (15%), and Cu-TCPP MOF/ZnO (20%) electrodes are shown in Fig. §B.
The sample was irradiated under visible light for 20 s and kept in the dark for another 20 s. It is
notable that the responses of the photocurrent were reproducible during the repeated on-off

cycles under visible light irradiation. Therefore, the reproducible photocurrent responses without
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a noticeable decrease in their relative intensities demonstrates the mechanical and photophysical
stabilities of the electrode. A sharp photocurrent was generated when the Cu-TCPP MOF/ZnO
(15%) electrode was subjected under irradiation of visible light. Photo-enhanced current at
applied potential 0.1 V vs. SCE reference electrode is found about 1.8 pA/cm”. Compared with
the Cu-TCPP MOF electrode, Cu-TCPP MOF/ZnO (15%) electrode exhibited a 6.5 fold
enhancement of photocurrent intensity.
<Fig. 8>

Mechanism

Electrically conducting porous MOFs have attracted considerable interest over the past several
decades. Charge mobility in MOFs achieve by coupling between m orbitals of ligand and d
orbitals of metal [17]. In Cu-TCPP MOFs, m stacking electroactive porphyrin molecules are
capable in charge transporting in the MOFs structure [46]. In Cu-TCPP MOF, Cu atom is
coordinated by four carboxylate oxygen atoms. Therefore, the oxygen atoms interact with the d
orbital of Cu and promoting charge delocalization along the (-Cu-O-) chain. This process named

as a 'through bond' strategy for achieving charge delocalization [47].

Furthermore, MOF-based light-harvesting devices present many opportunities for power
generation [48]. Compared to porphyrin light-harvesting system [24, 49], MOFs possess long-
range order that eliminates local variations known to reduce efficiency in disordered metal
oxides sensitized with porphyrins. In Cu-TCPP MOF, porphyrin units are capable of capturing
photon because of their strong absorption bands [50].

As shown in Fig. 7B the highest photocurrent was generated by Cu-TCPP MOF/ZnO (15%)
nanocomposite. Composition of Cu-TCPP MOF with ZnO nanorods is an efficient approach to

improving light harvesting and electron transferring within the MOF structure. As mentioned
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earlier ZnO is the large-band-gap and n-type semiconductor. Furthermore, upon the irradiation of
light, the photoexcited electrons to be easily transferred from ZnO to generate a high current
[51]. Nevertheless, high recombination rate of photogenerated electron-hole pairs limits the

utilization of pure ZnO nanorods as a photoactive material [52].

<Scheme 1>

The mechanism of photoexcitation and charge transfer in Cu-TCPP MOF/ZnO nanocomposite is
summarized in scheme 1 (the chemical potentials were calculated by cyclic voltammetry
measurement). In Cu-TCPP MOF/ZnO nanocomposite, upon irradiation of light, the TCPP
molecule is excited into the singlet state. The ligand-to-metal charge transfer (LMCT) occurs in
the MOF structures [53]. The photogenerated electron from CuTCPP transfer to the Cu atom
through bond strategy, which cause to decrease the recombination of electron-hole in porphyrin
units. This electron migrates site-to-site within Cu-TCPP MOF structure. The photocurrent is
generated by the reduction of O, [54] at the interface and by transfer of electrons from the
reduced O, (O;) to the porphyrin cation units in MOF structure. Therefore, the ground-state of
porphyrins is recovered.

Furthermore, the photogenerated electron is transferred to the conduction bond of ZnO nanorod.
This electron can be transferred to the FTO electrode and then photocurrent is generated. In this
nanocomposite, MOF sheets act as electron transport channels to efficiently separate the
photogenerated charge carriers from ZnO nanorods. The improved photoactivity of Cu-
TCPP/ZnO nanocomposite can be ascribed to the synergistic effect of enhanced light absorption
capacity, decrease in recombination of photogenerated electron-hole pairs and effective
interfacial composition between Cu-TCPP MOF and ZnO nanorods. The photocurrent responses

of Cu-TCPP MOF/ZnO nanocomposites showed that the photocurrent was decreased beyond an
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optimum ZnO nanorods concentration (15%). This is because the photoactive sites of Cu-TCPP

MOF were shielded with ZnO nanorods through an increase in the ZnO nanorods content.

Conclusion

For the first time, Cu-TCPP MOF/ZnO nanocomposite was prepared via the hydrothermal
method. UV-Vis spectroscopy determined that the porphyrin center in Cu—TCPP was filled with
Cu atom. According to the BET analysis, surface area of Cu-TCPP MOF/ZnO nanocomposite
was decreased compared to Cu-TCPP MOF. Therefore, ZnO nanorods covered on the surface of
the Cu-TCPP MOF crystals and distributed between the MOF nanosheets.

Cu-TCPP MOF/ZnO (15%) electrode exhibited a 6.5 fold enhancement of photocurrent intensity
compared to the Cu-TCPP MOF electrode. The high photoactivity of Cu-TCPP MOF/ZnO
(15%) nanocomposite is due to the unique porous structure, excellent light harvesting properties,
facilitated site-to-site energy migration within the Cu-TCPP MOF structure, easy electron
injection through the Cu-TCPP MOF to the conduction band of ZnO, and low recombination in

Zn0 nanorods and porphyrin units.
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Figure captions

Fig. 1. XRD patterns of the prepared samples: a) Cu-TCPP MOF, b) Cu-TCPP MOF/ZnO
(10%), ¢) Cu-TCPP MOF/ZnO (15%), d) Cu-TCPP MOF/ZnO (20%), e¢) Cu-TCPP MOF/ZnO

(80%) and f) ZnO nanorods

Fig. 2. UV-Vis spectra of a) Cu-TCPP MOF, b) Cu-TCPP MOF/ZnO (10%), c¢) Cu-TCPP

MOF/ZnO (15%), d) Cu-TCPP MOF/ZnO (20%), and ¢) TCPP

Fig. 3. FT-IR spectra of the prepared samples: a) prepared ZnO nanorods, b) Cu-TCPP
MOF/ZnO (20%), c) Cu-TCPP MOF/ZnO (15%), d) Cu-TCPP MOF/ZnO (10%), ¢) Cu-TCPP

MOF, and f) TCPP

Fig. 4. SEM images of a) Cu-TCPP MOF, b) prepared ZnO nanorods, ¢) Cu-TCPP MOF/ZnO

(15%), and d) EDX of Cu-TCPP MOF/ZnO (15%)

Fig. 5. TEM images of the Cu-TCPP MOF/ZnO (15%) nanocomposite.

Fig. 6. A) Nitrogen adsorption and desorption isotherms of a) Cu-TCPP MOF and b) Cu-TCPP
MOF/ZnO (15%), B) Corresponding pore size distribution curve of a) Cu-TCPP MOF and b) Cu-
TCPP MOF/ZnO (15%)

Fig. 7. Diffuse reflectance spectrum of the Cu-TCPP MOF/ZnO nanocomposite; Spectrum of the
white LED lamp is shown in the inset.

Fig. 8. Photocurrent responses with on-off irradiation from A) SW white LED, B) 20 W white
LED in Na,SO4 aqueous solution (0.25 M); a) MOF, b) 20%, c¢) ZnO, d) 10%, and e) 15%;

Applied potential +0.1 V vs SCE
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Scheme 1. Schematic representation of the Cu-TCPP MOF/ZnO (15%) nanocomposite on an
FTO substrate in the photoelectrochemical cell and the mechanism of the photocurrent

generation
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