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In this study, we propose dibenzo[b,f][1,5]diazocine/ZnO organic/inorganic hybrid photoanode for application in the
photoelectrochemical water splitting. The electrode consisting of inorganic ZnO nanorod (ZnO NR) array structures and
organic diazocine derivative film with or without platinum nanoparticle (Pt NP) cocatalyst was examined. The morphology
characterization was performed by FESEM. UV-vis absorbance spectra showed enhanced absorbance in the visible light
spectrum for the hybrid sample. Photoluminescence analysis of a hybrid sample showed a significant decrease in charge
recombination and enhanced charge separation. Photoelectrochemical measurements revealed an increase in current density
for the organic/inorganic hybrid photoanode reaching 1.256mA/cm2 at 1.23V vs. RHE which is almost two times higher than
bare ZnO NR arrays (0.716mA/cm2 at 1.23V vs. RHE). The addition of the Pt NP cocatalyst further enhanced the
photocurrent density up to 1.636mA/cm2. Therefore, proposed organic/inorganic hybrid photoelectrode is a promising
candidate for the efficient solar water splitting.

1. Introduction

Energy crisis is a major worldwide issue which is being
actively pursued by countless researchers. A solar water
splitting is one of the promising technologies towards sus-
tainable energy generation through direct conversion of
water and sunlight to electrical current and hydrogen gas
[1, 2]. Upon the illumination of photoelectrode with sun-
light, an electron is excited from the valence band to the con-
duction band and is used for current generation in redox
reactions followed by hydrogen gas evolution. Solar water
splitting was discovered by Fujishima and Honda in the
early 1970s by the means of photoassisted electrochemical
water oxidation on an n-type TiO2 single crystal [3]. Ever
since the photocatalytic and photoelectrochemical water
splitting on semiconducting materials have been studied
extensively [4–8].

Much research was conducted on the inorganic semi-
conducting materials such as WO3, BiVO4, and ZnO, and

many showed promising efficiencies especially when hetero-
junction arrays are adopted [9–11]. However, inorganic
materials often used in a water-splitting applications exhibit
several disadvantages such as difficulty in tuning the innate
properties such as bandgaps, relatively higher cost due to
limited availability in nature, low structural tenability, and
corrosion in electrolyte solutions [12–14]. Therefore, finding
the right material remains a significant challenge in con-
structing an efficient solar-to-hydrogen (STH) conversion
technology and implementing it on a large-scale basis.

The limitations of stand-alone inorganic semiconducting
system can be resolved by introducing organic materials
resulting in an organic-inorganic hybrid structure. Such
hybrid system can benefit from the advantages of both
organic and inorganic materials such as tunable bandgap,
energy levels, and charge transport mobility while still exhi-
biting high efficiency [15]. Moreover, organic semiconduct-
ing materials can serve as photosensitizers that enhance the
absorbance of the inorganic semiconducting photocatalysts
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for photoelectrochemical (PEC) redox reactions [16].
Organic semiconductors can additionally be utilized as host
materials for immobilizing the semiconductor nanostruc-
tures, therefore boosting the stability of hybrid photoelec-
trodes [17–19] or improving the chemical stability of the
inorganic semiconductors from the aqueous environment
[20–22]. Therefore, the development of a new class
organic/inorganic hybrid semiconducting material for solar
water splitting is in high demand as it makes it possible to
synergize the advantages of organic and inorganic materials.
As such, much research was conducted on the development
of organic/inorganic hybrid photoelectrodes in search of the
efficient water-splitting electrodes.

In this study, a dibenzo[b,f][1,5]diazocine derivative from
substituted 2-aminobenzophenone was synthesized. The
obtained material was applied as an organic film on the top
of the inorganic ZnO nanorod (ZnO NR) array which was
hydrothermally grown for 2 hours. The obtained hybrid
photoelectrode was used as a photoanode for the oxygen
evolution reaction of electrochemical water splitting. The
self-assembly behavior of organic film to successfully make
interfaces was characterized as well as chemical and physical
properties of a hybrid semiconducting photoanode. Therefore,
dibenzo[b,f][1,5]diazocine/ZnO organic/inorganic hybrid
photoelectrode is proposed as a new class of semiconducting
material with low cost, easy processing, optoelectronic tenabil-
ity, and good stability for solar-driven water splitting.

2. Materials and Methods

2.1. Materials. FTO glass substrates were washed in acetone
(99.5% purity), ethyl alcohol (95% purity) and deionized
(DI) water. Hexamethylenetetramine (HMTA, ACS reagent,
≥99.0%, Sigma-Aldrich) and zinc nitrate hexahydrate
(reagent grade, 98%, Sigma-Aldrich) were used for prepara-
tion of growth solution during hydrothermal synthesis of
ZnO NR. Diazocine derivative ((5Z,11Z)-6,12-diphenyl-
2,8-di((E)-styryl)-dibenzo[b,f][1,5]diazocine) was synthe-
sized and characterized according to the previously published
paper from our group [23]. Tetrahydrofuran (THF, anhydrous,
contains 250ppm butylated hydroxytoluene (BHT) as inhibi-
tor, ≥99.9%, Sigma-Aldrich) was used as a solvent for organic
material stock and film solutions. 0.45μm PTFE-D syringe fil-
ter (Hyundai micro) was used for stock solution filtering before
organic film preparation. 70nm Pt nanoparticle (NP) suspen-
sion (0.05mg/mL, citrate functionalized in 4mM aqueous
sodium citrate buffer, Sigma-Aldrich) was centrifuged using
Nanosep centrifugal filter (Pall Corporation) and washed with
ethyl alcohol (200 proof, anhydrous, ≥99.5%, Sigma-Aldrich)
for preparation of diazocine film/ZnO NR/Pt sample. Sodium
carbonate (powder, ACS reagent, ≥99.5%, Sigma-Aldrich)
and sodium bicarbonate (powder, first grade reagent, ≥99.6%,
Shinyo Pure Chemicals Co., Ltd.) were used for 0.05M
(pH = 10:5) carbonate buffer electrolyte preparation utilized
in photoelectrochemical measurements.

2.2. Preparation of ZnO Inorganic Nanorod Structure. The
FTO substrates 1 × 1 cm2 in area were washed in acetone,
ethanol, and DI water for 15 minutes each in a sonication

bath, dried in a convection oven. ZnO films for the seed
layer have been deposited on FTO substrate using a ZnO tar-
get by RF sputtering system. The FTO substrate was fixed
inside the sputter chamber, and the chamber was evacuated
to a pressure of less than 1:0 × 10−6 Torr by the turbomole-
cular pump. The concentrations of Ar and O2 were controlled
using a mass flow controller, and the pressure in the chamber
wasmaintained at 5mTorr. RF power at 13.56MHzwas 50W,
O2 concentration was 15%. The ZnO film was deposited at
200nm at a rate of 6nm/min. After deposition, a hole array
mask was formed by an electron beam lithography process
on ZnO/FTO. The hole diameter and period of the structure
were 500nm and 2μm, respectively.

The hydrothermal growth method was utilized to grow
the ZnO NR on as obtained seed layers on FTO for 2 hours
in 30mM aqueous solutions of hexamethylenetetramine
(HMTA, ACS reagent, ≥99.0%, Sigma-Aldrich) and zinc
nitrate hexahydrate (reagent grade, 98%, Sigma-Aldrich).
The samples were rinsed in ethanol and dried using a nitro-
gen blow.

2.3. Preparation of Organic/Inorganic Hybrid Structure. The
diazocine film/ZnO NR hybrid sample was prepared as fol-
lows. To make an organic material stock solution, 0.05 g of
diazocine film powder was dissolved in 1mL of tetrahydro-
furan (THF, anhydrous, contains 250 ppm BHT as inhibitor,
≥99.9%, Sigma-Aldrich). The obtained stock solution was
filtered through the 0.45μm PTFE-D syringe filter (Hyundai
micro). To prepare the film solution used for the fabrication
of hybrid samples, 100μL of stock solution was added to the
900μL of THF. The prepared solution was drop-casted twice
on the as-prepared ZnO NR samples and dried at room tem-
perature overnight prior to characterizations.

Pt nanoparticle/diazocine film/ZnO NR hybrid sample
was prepared as follows. A 70nm Pt NP suspension
(0.05mg/mL, citrate functionalized in 4mM aqueous sodium
citrate buffer, Sigma-Aldrich) was centrifuged for 5 minutes
at 5000 rpm using Nanosep centrifugal filter (Pall Corpora-
tion). A 20μL of pure ethyl alcohol (200 proof, anhydrous,
≥99.5%, Sigma-Aldrich) was used to wash the filter and trans-
fer the NP into a tube, followed by the addition of 80μL of
THF. After the pipetting, 50μL of Pt NP solution was added
to 1mL of diazocine film solution. The as-prepared solution
was drop-casted twice on the ZnO NR samples.

2.4. Characterizations of Organic/Inorganic Hybrids. The
morphology was characterized using a field-emission scan-
ning electron microscope (FESEM, Hitachi S-4700) and
energy dispersive X-ray spectroscopy (EDS) for elemental
mapping analysis. UV-visible absorption spectra were
analyzed using a UV-spectrophotometer (Evolution 220).
The photoluminescence emission spectra were analyzed by
photoluminescence spectra excited by a 266nm laser. The pho-
toelectrochemical measurements were conducted in a three-
electrode system under simulated AM 1.5 (100mW/cm2) solar
irradiation with a potentiostat (IviumStat, Ivium Technologies)
in a 0.05M carbonate buffer solution (pH = 10:5) with an
Ag/AgCl reference electrode and a platinum mesh as a coun-
ter electrode. All measurements were performed at room
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temperature. The carbonate buffer was prepared using sodium
carbonate (powder, ACS reagent, ≥99.5%, Sigma-Aldrich) and
sodium bicarbonate (powder, first grade reagent, ≥99.6%,
Shinyo Pure Chemicals Co., Ltd.) in DI water.

All linear-scanning voltammetry (LSV) curves were
obtained by sweeping the potential with an E step of
10mV and scan rate of 50mV/s. The applied bias of the
electrochemical measurements is converted to the potential
relative to the reversible hydrogen electrode (RHE) using
the Nernst equation:

E RHEð Þ = E
Ag
AgCl

� �
+ 0:0591 pH + 0:1976V, ð1Þ

where EðAg/AgClÞ is the applied bias relative to the Ag/AgCl
reference electrode.

3. Results and Discussion

3.1. ZnO Inorganic Nanorod Structure. Figure 1 demon-
strates the ZnO NR preparation procedure which involves
the seed layer preparation and growth of ZnO NR using a
hydrothermal method. As seen from the Figure 1, prior to
RF sputtering, an Ni/Au layer was deposited for better adhe-
sion of ZnO seeds to the substrate surface. The 200nm ZnO
seed layer deposition was followed by 1 hour annealing at
400°C to strengthen the microstructure. The PMMA was
then coated on the seed layer as a starting step of electron-
beam lithography process. After the mask formation, a

hydrothermal growth was performed to grow the ZnO NR
array for 2 hours at 80°C in 30mM HMTA and zinc nitrate
hexahydrate aqueous growth solutions. The resulting ZnO
microstructures were rinsed with ethanol and dried by
means of nitrogen blowing. The hole diameter and the dis-
tance between ZnO NR bundles were 500nm and 2μm,
respectively. The final microstructure height was optimized
to 1μm in order to provide a better contact area (Figure 1).

3.2. Diazocine/ZnO Organic/Inorganic Hybrids. Figure 2
depicts various sample schematics. Figure 2(a) shows a dia-
zocine film drop-casted on FTO for the comparative charac-
terizations. Figure 2(b) illustrates the morphology of bare
ZnO NR array on FTO obtained by electron beam lithogra-
phy and hydrothermal growth. ZnO NR bundles are situated
2μm apart from each other and 1μm tall. Figure 2(c) shows
a structure of the organic/inorganic hybrid photoelectrode
consisting of ZnO NR coated with the diazocine film which
connects the ZnO NR bundles in between. Figure 2(d) shows
a Pt NP-loaded diazocine film ZnO NR hybrid sample with
the Pt NP acting as a cocatalyst to further enhance the pho-
toelectrochemical performance.

Figure 3 shows the FESEM morphology characterization
images. Figure 3(a) shows a diazocine film on FTO which
fully covers the FTO substrate and shows the film unifor-
mity. Figure 3(b) illustrates the structure of the inorganic
ZnO NR array fabricated using electron-beam lithography.
It shows that the ZnO NR branches are well-aligned.
Figure 3(c) is a magnified image of the inorganic ZnO NR
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Figure 1: Schematics of inorganic ZnO nanorod layer preparation by combined lithography and hydrothermal growth.
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array which shows a closer look at the ZnO NR bundle mor-
phology and confirms that the center-to-center distance
between the 1μm tall ZnO NR bundles is 2μm and that
the inorganic brunches are well-aligned. Figure 3(d) shows
a diazocine film/ZnO NR hybrid sample morphology where
the conductive organic film covers the ZnO NRs and con-
nects the ZnO NR bundles in between, allowing the charge
transfer during the photoelectrochemical water-splitting
reaction. The inset image in Figure 3(d) is a magnified pic-
ture of the hybrid sample which depicts a substantial organic
film coverage on the inorganic ZnO NR. The ZnO NR bun-
dle morphology allows a maximum contact area of the
inorganic and organic counterparts which is beneficial for
the efficiency of the photoanode. Figure 3(e) shows a Pt
NP-loaded diazocine film/ZnO NR hybrid sample while
Figure 3(f) is a magnified image of Pt NP-loaded organic/
inorganic hybrid sample. Due to the fact that the Pt NPs
were dispersed in the organic film solution before drop cast-

ing, it was a challenge to find distinct Pt NP using FESEM.
Therefore, in order to observe the presence of catalyst NP,
EDS-mapping characterization technique was used as shown
in Figure 4.

A representative elemental mapping image of the Pt NP
diazocine film/ZnO NR sample can be seen in Figure 4
depicting the presence and locations of Pt NPs in the
organic sample on ZnO NR. As seen from Figure 4(a),
the elemental-mapping image shows the presence of the
Zn, O, C, and Pt elements on the FTO glass. As shown in
Figure 4(b), carbon, which is the main component of the
organic film, uniformly covers the ZnO NR inorganic sam-
ple. As seen from Figures 4(c) and 4(d), ZnO is mapped
green on the image while Pt NP are mapped in red color
dots. Therefore, even though it was a challenge to distin-
guish Pt NP in the film using FESEM, elemental map anal-
ysis confirmed the presence and distribution of the Pt NP
in the hybrid sample.
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Diazocine film

(a)

ZnO NR
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Diazocine film

(d)

Figure 2: Schematic illustration of (a) diazocine film on FTO; (b) ZnO NR; (c) diazocine film/ZnO NR hybrid; and (d) diazocine film/ZnO
NR/Pt NP hybrid.
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3.3. Photochemical Behavior of Diazocine/ZnO Organic/
Inorganic Hybrids. Figure 5(a) shows UV-visible absorbance
spectra of ZnO NR and diazocine/ZnO NR hybrid with and
without Pt NP catalyst. The main goal of the hybrid sample
preparation is to widen the ultraviolet absorption edge and
to enhance the absorption in visible spectra. As seen from
the graph on Figure 5(a), hybrid organic/inorganic sample
shows a red shift comparing to the bare ZnO sample and
implies an absorbance expansion in ultraviolet range. More-
over, as can be observed, the diazocine film coated on ZnO
NR boosts the absorption spectra in the visible light region
which is highly desirable because the visible light accounts
for 53% of the total solar spectrum which is a great portion
while ultraviolet is only for 4% of solar spectrum. Therefore,
even a minor enhancement in the visible light spectra is of a

great significance for the efficiency advancement. Loading
the hybrid sample with Pt NP further enhances the absor-
bance in visible light spectra allowing a better performance
photoelectrode for solar water-splitting reaction.

The efficiency of trapping the charge and electron-hole
recombination was observed by the means of photolumines-
cence measurements. Figure 5(b) demonstrates the quench-
ing of photoluminescence spectra of ZnO NR, diazocine
film, and hybrid sample in the range from 340 nm to
500 nm using a 266nm excitation source. ZnO NR has the
highest emission intensity at 380nm while organic film’s
highest intensity is at 460nm. However, when the hybrid
sample is analyzed, the intensity of emission peak is
decreased by 70% in comparison with the intensity peak
for pristine ZnO NR implying that the recombination of
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(b)
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Figure 3: FESEM images of (a) diazocine film on FTO; (b) and (c) ZnO NR array; (d) diazocine film/ZnO NR hybrid; (e) diazocine film/
ZnO NR/Pt NP hybrid; and (f) magnified diazocine film/ZnO NR/Pt NP hybrid.
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charges was suppressed. Therefore, a water-splitting reaction
is enhanced due to an effective charge transfer taking place
through the photoanode and a greater number of charges
available to participate in redox reactions.

To evaluate the performance of the prepared photoa-
node, linear sweep voltammograms were collected under
100mW/cm2-simulated solar light irradiation with AM
1.5G, as shown in Figure 5(c). The pristine ZnO NR photo-
current measured in dark condition shows that the sample
has a good reaction on solar light and was measured as a
control for comparison with photocurrent under illumina-
tion. As observed from the photocurrent response graph of
the prepared photoanodes, organic/inorganic diazocine/
ZnO NR hybrid showed 1.256mA/cm2 at 1.23V vs. RHE
which is almost twice higher than the bare ZnO NR
photoelectrode (0.716mA/cm2 at 1.23V vs. RHE). This
result correlated well with the UV-visible analysis and pho-
toluminescence measurements. As such, the diazocine film
enhances the photocatalytic activity of ZnO NR due to a
red shift in ultraviolet spectra and increase in visible light
photon absorbance. Moreover, the photocurrent is increased
due to suppression of charge recombination and enhanced
charge transfer mobility.

As seen from the J-V characteristic curve, loading the
hybrid sample with the Pt NP cocatalyst further increases
the current density value up to 1.636mA/cm2 at 1.23V

vs. RHE. As such, addition of Pt NP cocatalyst enhances
the photocurrent value due to the increased number of
active sites and surface area. One of the important points
to highlight for the photocurrent response of organic/
inorganic hybrid samples is that there is a gradual
increase in photocurrent at first that can be attributed
to the jumping of electrons from valence band to the con-
duction band till the saturation point. However, at about
1V vs. RHE, the bump in peak can be observed. This
implies that the photoexcited charges have moved from
the valence band to the conduction band and a relative
saturation point was achieved due to the maximum elec-
tron movement to the conduction band and saturation
of the active sites on the surface of the photocatalyst.
Therefore, it is observed that ohmic J-V curve for pristine
ZnO originate in the original component while for the
hybrid samples, a standard peak of the photoelectrochem-
ical water-splitting reaction with its maximum saturation
potential stabilization can be seen. This phenomenon
shows an efficient electron-hole separation and charge trans-
portation. Therefore, a synergistic effect of the branched
array of ZnO NR structures with the diazocine film has an
effect of improved charge separation and transfer properties
along with the absorbance enhancement allowing a higher
photocurrent production in photoelectrochemical water-
splitting reaction.

8.00 𝜇mSnZnPtCh 1 O C

(a)

8.00 𝜇mC

(b)

8.00 𝜇mZn

(c)

8.00 𝜇mPt
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Figure 4: Elemental mapping of the Diazocine film/ZnO NR/Pt NP hybrid showing (a) distribution of the Zn, O, C, Sn and Pt elements
throughout the given area; (b) organic C element distribution showing the uniformity of organic film coverage; (c) Zn elemental
distribution and (d) cocatalyst Pt NP distribution.
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4. Conclusions

Dibenzo[b,f][1,5]diazocine derivatives exhibiting absorption
in the visible light range were designed and synthesized to
widen the absorption of ZnO NR arrays. Hybrid organic/
inorganic nanosystem was prepared and its morphology
was examined by FESEM. Optical properties were investi-
gated by UV-visible absorbance showing that the hybrid
sample has an enhanced light absorbance in visible spectra.
The photoluminescence quenching was observed by PL
measurements demonstrating the suppression of charge
recombination and enhancement in carrier separation. The
combination of these properties showed a significant
increase in photocurrent density for the hybrid sample
which accounts for 1.256mA/cm2, which is almost two
times higher than for bare ZnO NR arrays (0.716mA/cm2

at 1.23V vs. RHE). The addition of the Pt NP cocatalyst
showed a further enhancement and increase in photocurrent
density up to 1.636mA/cm2. Therefore, a hybrid organic/
inorganic photoelectrode is a promising solution for the
enhanced and more efficient solar water-splitting process
which in its turn will contribute to more sustainable hydro-
gen production technologies and help in coping with a
global climate problem.
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