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Abstract
In this work, for the first time homogeneously distributed near periodic macroporous (HDPM) with nested mesoporous
(hierarchically porous) semicrystalline zinc titanium oxide (ZTO) thin film on pure silica glass and fluorine doped tin oxide
coated glass substrates was deposited by sol–gel dip coating technique from an optimized precursor solution of zinc nitrate
hexahydrate and titanium isopropoxide with acetylacetone in low boiling solvents. The HDPM film formation was carried
out by simple breath figure method where the pore formation occurred from the generated water droplets via molecular
condensation onto the as-deposited cold solution film surface owing to solvent evaporation. Zinc to titanium ratio in
precursor solution, room relative humidity and other critical parameters were tailored towards optimization of the periodic
macropores formation. Gold nanoparticles (NPs) were further deposited onto the ZTO thin films by solution technique.
Crystallinity, surface morphology and microstructure of the thin films were critically analyzed by X-ray diffraction, atomic
force, scanning, and transmission electron microscopic studies. The photoelectrochemical (PEC) performance of the films
was examined under visible light irradiation. A significant improvement in PEC activity was observed in nano Au coated
hierarchically porous thin film. This facile fabrication process could be applied in different mixed metal oxide thin films for
improving the PEC activity of the materials.
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Highlights
● Fabricated periodic macro with nested mesoporous zinc titanium oxide (ZTO) thin film.
● The hierarchically porous (HP) ZTO film showed high BET surface area.
● Nano gold deposited HP film (NGHP) showed enhanced photoconversion efficiency.
● NGHP can have substantial opportunity in solar energy conversion.

Keywords Sol–gel thin films ● Breath figure method ● Metal oxide semiconductors ● Hierarchically porous ● Nano Au ●

Photoelectrochemical activity

1 Introduction

Because of rapid increase in global energy demand,
development of advanced energy materials for efficient
solar energy conversion is a challenging task for materials
researchers. With the progressive consumption of fossil
fuels as a conventional energy source, the necessity for
development of the energy materials towards generation of
alternative energy especially from solar light is thus
increasing day by day. However, it is practically very dif-
ficult to utilize the solar energy efficiently and economically
[1]. For this purpose, the conversion of solar energy into
chemical energy via photoelectrochemical (PEC) water
splitting technique has mostly been adopted [2]. In the
recent times, the technique is greatly accepted to the
researchers as it could be a promising one to fulfill both
energy demand and environmental issues [1, 3]. A tre-
mendous effort is going on globally to develop highly stable
and efficient photoanode for enhancing the materials PEC
performance where various factors such as surface to
volume ratio and light harvesting capability of the electrode
materials are greatly involved [4].

Metal oxide semiconductors (MOS) are highly promising
photoanode materials which could effectively harvest solar
light towards water oxidation reaction in PEC cells [5]. It is
worthy to note that in PEC water oxidation, the semi-
conductor photoanode is the vital component. In this regard,
various MOS, e.g., WO3, α-Fe2O3, anatase TiO2, and
BiVO4 had mostly been used as photoanode materials [2].
Among these materials, the PEC activity of TiO2 photo-
anode had been investigated extensively due to its avail-
ability, chemical inertness, and nontoxicity [6, 7]. However,
the restricted light absorption ability of TiO2 due to wide
band gap (3.2 eV) limits its PEC performance [8]. It is also
known that noble metal doping in large band gap semi-
conductor could increase the visible light absorption of
TiO2 [9]. Another way of enhancing the property of TiO2 is
to mix with other MOS like WO3, SnO2, and ZnO [2]. An
ideal photoanode needs to maintain several tasks, e.g., light
absorption/trapping, charge separation, and charge transport
for efficient water decomposition. Moreover, the stability of
the photoanode materials in aqueous solution is also one of
the prime materials characteristics. A single MOS could not

fulfill all the tasks at a time. Thus, the study on photoanode
with mixed metal oxide MOS has been started [10]. In the
present work, ZnO as a low cost, easily available material
with good optical and electrical property has been chosen
with titanium oxide for the development of mixed metal
oxide photoanode material.

On the other hand, the MOS based thin films with porous
architecture have received greater interest in recent times for
catalysis, photonics, enhanced light outcoupling for LEDs,
light scattering and structural colors, reduced reflectivity
especially in PEC application [2, 11]. Visible light
absorption/trapping of MOS thin film could be increased by
doping noble nano metal into the material [9]. In this
respect, nano Au doping on the porous mixed metal oxide
thin film could increase the light absorption via localized
surface plasmon resonance (LSPR) effect in addition to help
in charge separation during the PEC process [12].

Metal oxide thin films for the use as photoanodes could
be deposited by different techniques such as electro-
deposition, spray pyrolysis, drop-casting, anodization, che-
mical vapor deposition (CVD), magnetron sputtering,
electron-beam evaporation, spin-coating or by using doc-
tor blade. All these techniques are high cost and most dif-
ficult for large area fabrication whereas the sol–gel dip
coating technique is one of the best ways to deposit
homogeneous large area of coating [13]. In addition, several
techniques had already been adopted for the fabrication of
macroporous film, e.g., lithography, colloidal crystals,
emulsion, and template processes. In this respect, breath
figure method (BRF) is a simple, very fast, non-polluting
and cost effective compared to the other processes [14]. It is
also a promising approach for generation of regular sub-
micrometer to micrometer sized periodic pore arrays in thin
films [11]. In this process, self-organisation of water dro-
plets arrays condenses onto the solution film surface due to
evaporation of low boiling solvents from the film surface.
The water droplet arrays act as templates for the pores.
However, the BRF is widely used for generation of periodic
macropores especially in organic polymer-based films [15].
It is rarely used in inorganic mixed MOS thin films [14].
Therefore, the work on the development of periodic mac-
roporous MOS thin films via BRF method is found to be
scanty in the literature [14, 16]. Previously, our group
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already reported [14] the periodic macropore formation in
zinc indium oxide thin film by the BRF method. In that
work, it is seen that the formation of periodic macropores
depends on various critical internal factors such as com-
position, viscosity, ageing time of precursor solution as well
as external factors like room relative humidity during the
thin film deposition. It is true that these factors might not
simply be applicable in all the solution based mixed metal
oxide thin film systems owing to change in chemistry of
precursor solution [14]. Thus, more and more basic studies
on different mixed metal oxide systems are primarily nee-
ded that would help to find out common critical factors as
well as specific factors for a particular thin film system.
Thus, one of the objectives of the present work is to enrich
the knowledge-base with respect to zinc titanium oxide
(ZTO) thin film system via BRF method. Other objectives
of the work could be an examination of PEC activity of
periodic macro with nested mesoporous ZTO thin film
towards improvement in PEC activity by deposition of nano
Au coating over the porous thin film.

In the present work, homogeneously distributed near
periodic macroporous (HDPM) with nested mesoporous
(hierarchically porous) ZTO sol–gel based thin film has
been fabricated on pure silica/fluorine doped tin oxide
coated glass substrate by BRF method. Critical parameters
have been optimized towards formation of periodic mac-
ropores. By deposition of nano Au overlay coating; surface
modification of the film for enhancing the PEC activity has
also been performed. Morphological characterization of the
films has been done by field emission scanning electron,
atomic force, and transmission electron microscopes. In
addition, the materials and optical properties of the thin film
have also been characterized systematically. A detailed
comparative study on microstructural, optical, textural, and
visible light mediated PEC activity of periodic macroporous
and scatterly distributed macroporous thin films fabricated
by changing the room relative humidity has been performed
in details. A significant improvement in PEC current density
is observed in nano Au coated HDPM thin film.

2 Experimental

2.1 Precursor materials

Titanium isopropoxide (TIOP, Sigma Aldrich, assay ≥97%),
zinc nitrate hexahydrate, (ZNH, Sigma-Aldrich), 2-butanol
(Merck, assay ≥99%), methanol (Merck, assay ≥99%),
ethanol (Emsure®, ACS, ISO, Reagent, Ph Eur, Germany)
and acetylacetone (acac, Merck, assay ≥98%), chloroauric
acid (HAuCl4, SD Chemicals, 49%) were used as received
without their further purifications for preparation of the
precursor solutions.

2.2 Preparation of precursor solutions

Initially, ZNH was added in ethanol and 2-butanol solvent
mixture (1:1, w/w) and stirred the aliquot for 10 min with
the help of a magnetic stirrer. After dissolving ZNH in the
mixed solvent, a requisite amount of TIOP was added into
the solution, followed by addition of acetylacetone (TIOP:
acac= 1:1.5, molar ratio) as a solution stabilizing agent
with further continuous stirring for about 24 h to obtain a
clear homogeneous precursor solution for thin film forma-
tion. A series of precursor solutions were prepared where
the atomic percentages of zinc with respect to titanium were
10, 20, 30, 40, 50, 60, 67, 70, 80, and 90. Accordingly, the
solutions were designated as SZT10, SZT20, SZT30,
SZT40, SZT50, SZT60, SZT67, SZT70, SZT80 and
SZT90, respectively. Irrespective of the solution composi-
tion, total metal oxide content of the precursor solutions was
kept fixed to 6 weight percent (wt.%). For a particular
solution (SZT67), 4.38 g ZNH and 2.06 g TIOP were dis-
solved in the solvent mixture containing ethanol and 2-
butanol (9 g of each) in presence of 1.08 g acetylacetone. In
addition, a wide variation of ethanol content (0–100% with
respect to 2-butanol) was made particularly in
SZT67 solution, keeping fixed the TIOP to acac molar ratio
and total metal oxide content in the precursor solution.

2.3 Film deposition

Deposition of zinc titanium oxide thin film was made by dip
coating technique using Chemat Technology Inc., USA make
Dip Master 200. The withdrawal speed of the substrate was
varied from 15 to 20 cm/min to change the thickness of the
film deposited onto glass substrates using an optimized ZTO
precursor solution. Finally, the withdrawal speed was fixed at
18 cm/min to generate uniform coating onto the substrates.
Pure silica glass (Quartz glass plate, code CUSQ223; Ants
Ceramics Pvt. Ltd., India; dimension: length 75mm, width
25mm and thickness ~1mm) as well as fluorine doped tin
oxide (FTO; Product code- TISXZ 001; Techinstro, India;
dimension: length 25mm, width 25mm, thickness 2.2 mm,
and resistivity ~7 ohms/sq.) coated glass substrate was used for
deposition of ZTO thin film. Before the film deposition, the
substrates were cleaned by a known cleaning process reported
in our previous work [14]. In brief, the substrates were washed
with commercially available dilute soap solution and then,
these were treated with ultra-sonication (Ultrasonic Cleaner,
Piezo-U-Sonic, Sl. No. 100C). Finally, the cleaned substrates
were washed by acetone followed by drying in an air oven.
After dip coating, the as-coated glass substrates were kept for
~ 60min in a clean room environment for generation of water
droplets onto the solution film surface. For this purpose, a
clean room (10,000+) was used where the room relative
humidity (RH) could be controlled. During the film deposition
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process, the RH and room temperature were maintained at
40–45% and 25 ± 3 °C, respectively. To remove the organics
and waters in order to generate homogeneously distributed
near periodic macropores with nested mesopores (hier-
archically porous), the deposited films were thermally cured in
an electrical oven under air atmosphere at 450 ± 5 °C with a
heating rate of 1.5 °C/min and a soaking period of 4 h. The
furnace was cooled down slowly to room temperature. The
coated samples were designated as ZT10, ZT20, ZT30, ZT40,
ZT50, ZT60, ZT67, ZT70, ZT80, and ZT90 according to the
content of Zn (%) of 10, 20, 30, 40, 50, 60, 67, 70, 80, and 90
in the precursor solutions. The ZT67 film with scatterly dis-
tributed macropores (SDM was also prepared for comparison
of particularly PEC activity of the ZT67 film having homo-
geneously distributed near periodic macropores (HDPM). For
this reason, the as-coated solution film was immediately dried
using an air drier to prevent the generation of water droplets
onto the solution film surface and then, the sample was cured
at 450 °C under the similar condition as adopted for the film
with HDPM. On the other hand, for deposition of nano gold
coating onto the ZTO thin films especially for HDPM ZT67,
0.04M chloroauric acid (HAuCl4) solution in methanol was
used as Au precursor solution. Then, the as-coated HDPM
ZT67 oxide film was further heat treated at 350 °C for about
an hour in an electrical oven under an air atmosphere to obtain
nano gold coated ZT67 thin film (HDPM ZT67Au). The
overall film deposition including nano gold coating onto the
HDPM ZT67 film is schematically displayed in Fig. 1.

3 Characterizations

3.1 Materials properties

To realize the crystallinity/crystal phase present in the ZTO
thin films, grazing incidence X-ray diffraction (GIXRD)
study was performed by employing Rigaku SmartLab,
Japan make diffraction unit using CuKα radiation

(1.5406 Å) operating at 9 kW in the diffraction angle range
(2θ) of 20o to 80o. A slit width of 5 mm was used for the
XRD measurement. Optical microscopic images of the as-
coated film were taken from an optical microscope
(Olympus) to observe the presence of water droplets gen-
erated onto the solution film surface. Field emission scan-
ning electron microscope (FESEM and FESEM-EDS,
ZEISS, SUPRATM 35VP) and atomic force microscope
(AFM, Nanosurf Easy scan 2, Switzerland) were used to
analyze the surface morphology/microstructure of the films.
Transmission electron microscopic (TEM) measurement of
the samples was done by FEI Company made (Tecnai G2

30STwin, Netherlands) machine at an accelerating voltage
of 300 kV. Carbon coated 300 mesh Cu grids were used for
placement of the samples. A Netzsch STA 409 C/CD
thermo analyzer was used for thermo gravimetric analysis
(TGA) using Al2O3 as a reference maintaining a fixed
heating rate of 10K/min in air atmosphere. For the TGA
run, the as-coated solution film (ZT67) was cured at 100 °C,
then the material was scratched off to use for the mea-
surement. A maximum temperature of 1000 °C was chosen.
The FTIR spectral study (wavenumber range, 4000–400 cm−1)
was carried out by using Thermo Electron Corporation,
USA make FTIR spectrometer (Nicolet 5700) with wave-
number accuracy ± 4 cm−1. To evaluate surface area and
pore size distribution in the film matrix, BET nitrogen
adsorption–desorption isotherm was measured upon the
scratched off ZTO thin film cured at 450 °C. The X-ray
photoelectron spectra (XPS) of representative cured thin
films, HDPM ZT67Au and SDM ZT67Au were measured
with the help of PHI Versaprobe II Scanning XPS
microprobe surface analysis system using Al-Kα X-rays (hν,
1486.6 eV; ΔE, 0.7 eV at room temperature). The energy
scale of the spectrometer was calibrated using pure Ag
sample. The position of C1s peak was taken as standard
with the binding energy of 284.5 eV. Light harvesting
efficiency (LHE) of the thin films was also measured with
the help of UV-Vis-NIR spectrophotometer (Shimadzu,

FTO Glass

Solvent evapora�on

FTO Glass FTO Glass FTO Glass

HDPM ZT67 thin film

Au solu�on

ZTO solu�on

HDPM ZT67Au 
thin film

FESEM image of HDPM
ZT67Au thin film

FTO Glass

Fig. 1 Schematic diagram
showing the fabrication of
HDPM ZT67 and HDPM
ZT67Au thin films on silica
glass/FTO coated glass
substrates
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UV-3600) with an attachment of an integrating sphere (ISR-
3100, UV-PC-3100).

3.2 PEC activity

PEC measurement of SDM ZT67, HDPM ZT67, and
HDPM ZT67Au thin films deposited onto FTO coated glass
substrate was performed with the help of Metrohm, Autolab
AUt 85930 instrument using standard three-electrode cell
under dark and visible-light exposure. For this purpose, a
300W Xenon lamp with a water filter of 1 M NaNO2

solution was used as the visible light (≥400 nm) source [14].
In this measurement, a Pt wire and an Ag/AgCl/3 M KCl
electrode were taken as the counter electrode and reference
electrode, respectively and ZTO thin film was used as the
working electrode. An aqueous solution of 0.1 M KOH was
used as an electrolyte. The chronoamperometric study
(photocurrent density (PD) vs. time, I-t curve) of the thin
films was carried out at 0.26V vs. Ag/AgCl/3 M KCl
[1.23V vs. RHE, reversible hydrogen electrode].

4 Results and discussion

4.1 Phase structure

The crystallinity/crystal phase of ZTO thin films was ana-
lyzed with the help of GIXRD study. The XRD patterns
(Fig. 2) of the samples confirmed that the thin films of
pristine titanium oxide and zinc oxide were found to be
crystallized at 450 °C curing temperature but in the mixed
oxide thin films (e.g., HDPM ZT67), titanium oxide
remained XRD amorphous up to 500 °C curing temperature.

Generally, in zinc titanium oxide system, two intermediate
compounds such as zinc ortho-titanate (Zn2TiO4) and zinc
meta-titanate (ZnTiO3) would crystallize [17] at relatively
higher temperature (600–800 °C) [17, 18] compared to the
curing temperature adopted for the present work. In this
regard, the amorphous nature of titanium oxide in HDPM
ZT67 thin film could be attributed due to incorporation of
Zn(II) ions into titanium oxide network [19] and the excess
Zn(II) ions present in ZT67 thin film matrix would crys-
tallize to form hexagonal ZnO (h-ZnO). The substitution of
titanium (IV) (size, ~0.06 nm) in titanium oxide matrix by
Zn(II) ions (size, ~0.06 nm) would be favorable as both the
ions are in similar size [19]. The XRD peaks with the 2θ (in
degree) values of ~31.8, ~34.6, ~36.5, ~47.8, ~56.8, and
~62.8, confirmed the formation of hexagonal zinc oxide (h-
ZnO) (JCPDS Card 36-1451) with the corresponding crystal
planes of (100), (002), (101), (102), (110), and (103) (Fig.
2). It was important to note that the XRD patterns (ESM,
Fig. S1) of ZT20, ZT30, ZT40, and ZT50 thin films were
amorphous but ZT60 and ZT80 samples were XRD crys-
talline with the presence of h-ZnO at the curing temperature
of 450 °C. In this case, the explanation regarding the
amorphous nature of titanium oxide in ZT67 thin film could
validate the above assumption. This was because up to Ti:
Zn atomic ratio, 1:1, i.e., in the cases of ZT20, ZT30, ZT40
and ZT50 thin films, the thin film samples were XRD
amorphous (ESM, Fig. S1). This could indicate that Zn(II)
ions would fully be incorporated into the amorphous tita-
nium oxide network [19].

4.2 Morphology and microstructure

4.2.1 Optical microscope study

Optical microscope image (Fig. 3a) of 30 min aged
ZT67 solution film surface clearly showed the presence of
spherical shaped water droplets. The water droplets would
generate onto the solution film surface due to quick eva-
poration of volatile solvent at air-solution film interface
[15]. After the generation of water droplets, these were
stabilized to form breath figures (BRF) by polar groups such
as nitrates. Subsequently, the BRF sank down into the
solution film [15]. There were several key factors that could
play the vital roles for the stabilization of BRF [14]. From
the BRF, the nearly periodic macropores were found to
form in the thin film after heat-treatment at 450 °C.

4.2.2 FESEM and AFM

FESEM and AFM studies were performed to observe the
surface morphology of porous ZTO thin films. The FESEM
image (Fig. 3) of the HDPM ZT67 thin film cured at 450 °C
showed the presence of nearly uniform spherical macropores
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with the pore diameter of 500–600 nm. The formation of
macropores were also evident by TEM study (Fig. 4d, e;
discussed later). On this aspect, the development of macro-
pores with nested meso pores in indium zinc oxide system by
BRF method had already been reported elsewhere by our
group [14]. In this method, the water droplets are produced on
solution (containing mixed solvents) film surface due to rapid
evaporation of low boiling solvent from air-solution film
interface and the high boiling solvent would help to sink down
the water droplets into the solution film. Accordingly, the
water droplets act as templates for the generation of nearly
periodic macropores [16]. In the present work, the thin films
(namely ZT10 to ZT90), the generation of the pores occurred
only in the ZT30 to ZT70 samples. Among all the films only
ZT67 film produced homogeneously distributed nearly

periodic macropores (HDPM) as clearly seen from the
FESEM images (Fig. 3b, c) of the sample. This would arise
owing to generation of metal (M/M′) oxygen cross-linkages in
mixed metal ions that could probably result in the formation of
M–O–M′ polymeric network in SZT67 solution (discussed
details in Fig. S2, ESM). It is worthy to note that when zinc to
titanium ratio was much lower i.e. in case of ZT10 and ZT20,
no evidence of the macropores was found on the film surface
of the samples (ESM, Fig. S3a, b). In fact, the macropores
were started to appear in ZT30 film (ESM, Fig. S3c). In the
case of lower content of zinc in the film (ZT10 and ZT20), the
FESEM images showed nearly smooth film surface (ESM,
Fig. S3a, b). This observation could relate to the presence of
lower content of polymeric network formed in the precursor
solution with relatively lower viscosity (2.96 cp and 3.16 cp
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for the precursor solutions, SZT10 and SZT30, respectively).
On the contrary, the system with higher zinc to titanium ratio
particularly in ZT80 and ZT90 films derived from the pre-
cursor solutions of relatively higher viscosity (4.31 cp and 4.46
cp for the solutions SZT80 and SZT90, respectively), the
SDM appeared as a consequence of lesser stabilization of self-
organized water droplets onto the solution film with relatively
high viscosity that would not help to sink down the water-
droplets towards breath figure formation [14]. In addition,
severe cracks were found on the film surface (ESM, Fig. S5a).
The result could significantly support the above proposition of
different content of polymeric network formation in the pre-
cursor solution that attributed to change in viscosity in the
precursor solutions [14]. Viscosity (ESM, Table S2) and FTIR
(ESM, Table S1, Fig. S2) spectral results of different precursor
solutions for mixed oxide thin films are given in the electronic
supplementary material (ESM). It was noted that the adequate
water-droplets generation did not happen onto the as-coated
solution films, ZT10 and ZT20 containing lower content of
zinc in the precursor solutions. This observation clearly sug-
gested that the macropores generation took place on the film
surface due to the self-organized water droplets (BRF forma-
tion) [15]. The self-organization and stabilization of water
droplets that act as template of the nearly periodic macropores
would depend on various key factors like room relative
humidity (RH), solution composition (zinc to titanium atomic
ratio) and ethanol to 2-butanol weight ratio. The RH was kept
at ~40–45% with fixing the ethanol to 2-butanol weight ratio,
1:1 for the formation of HDPM ZT67 film. The effect of
solvent content on the formation of HDPM was also verified
by FESEM analysis (ESM, Fig. S6a–d). The nano gold par-
ticles were observed in ZT67 film with HDPM (Fig. 4b). On
the other hand, the AFM analysis (Fig. 3d, e) of HDPM ZT67
film was also performed to analyse the depth of the pores and
root mean square (RMS) surface roughness. From the depth
profile curve of AFM images, it was clearly seen that the pore
depth was ~200 nm. The RMS surface roughness (ESM, Fig.
S7a, b) values of SDM and HDPM films were ~50 nm and
~100 nm, respectively. It was further noted that after nano Au
coating, the FESEM characterization for SDM ZT67Au
sample was further performed (Fig. S8). Some SDM along
with the presence of few numbers of Au nanoparticles were
found to be embedded over the film. The size of nanoclusters
of nano Au particles embedded over the ZT67 films was in the
range of 30-40 nm for both the samples.

4.2.3 TEM study

TEM microstructural analysis of two representative
samples, HDPM ZT67 and HDPM ZT67Au thin films
was performed systematically. Figure 4 shows the TEM
images of HDPM ZT67 and HDPM ZT67Au films. In the

FESEM image (Fig. 4b), the spherical shaped Au nano-
particles were clearly found to be decorated into the
macropores. This observation was further confirmed from
the corresponding bright field TEM image of scratched
off HDPM ZT67Au film (Fig. 4e). The presence of
mesopores in the film matrix was distinctly visible (Fig. 4c).
The size of the mesopores was calculated from the selected
area of dark field TEM image (inset, Fig. 4c) of the sample.
It was seen that the calculated size of the mesopores was
~4 nm which was equivalent to pore size determined from
the BET nitrogen adsorption–desorption isotherm mea-
surement (Fig. 6, discussed later). The BET nitrogen
adsorption–desorption isotherms confirmed the existence of
slit-like mesopores in the film matrix. Moreover, the
HRTEM (ESM, Fig. S9) result of the sample confirmed the
presence of h-ZnO that fully corroborated the XRD result
(Fig. 2) of HDPM ZT67 thin film. In HDPM ZT67Au thin
film, the HRTEM image confirmed the presence of cubic
Au nanoparticles and h-ZnO (ESM, Fig. S9a, c). Further,
the existence of Au nanoparticles in HDPM ZT67Au film
matrix was confirmed with the help of TEM EDX plot
(inset, Fig. 4e). The size of Au nanoparticles was calculated
from the bright field TEM image (Fig. 4f) of the sample. In
this respect, the particle size distribution curve for Au
nanoparticles (inset, Fig. 4f) showed ~15 nm average par-
ticle size of Au.

4.3 Thermogravimetric analysis and FTIR spectra

FTIR vibrations (Fig. 5b) of as-coated films showed the
formation of metal complexes of acetylacetone and
nitrates. Two distinct FTIR peaks appeared ~1630 cm−1

and ~1392 cm−1 in the as-coated film were responsible for
the stretching vibrations of metal complexes of acet-
ylacetone and free nitrate, respectively [13]. One broad
peak appeared at ~3430 cm−1, assigned to the vibration of
hydroxyl groups present in the film [14]. These organics
and nitrates of the as-coated film were found to be
removed from the film matrix at the film curing tem-
perature of 450 °C as evidenced from the disappearance of
these FTIR vibrations. At this curing temperature, a broad
band in the lower wavenumber region, 500–600 cm−1 was
likely due to the vibration of the Ti–O bonds [20].
However, the vibrations within 430–450 cm−1 were
responsible for the characteristic vibrations of Zn–O that
present in ZnO of HDPM ZT67 thin film [21]. On the
other hand, the FTIR study of the different solutions
(SZT10, SZT30, SZT60, SZT67, SZT70, SZT80, and
SZT90) was performed (ESM, Fig. S2) to understand the
polymeric network formation in the precursor solution for
mixed metal oxide film. In this respect, an intense
stretching vibration was appeared at ~800 cm−1 in
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SZT67 sample (ESM, Fig. S2b). This stretching vibration
could be attributed to Zn–O–Ti bond vibration [20]. It was
seen that the highest intensity of the vibration (ESM, Fig.
S2b) was observed in SZT67 solution, implying the for-
mation of maximum content of polymeric network. Based
on the FTIR spectral and viscosity measurements, it was
realized that a polymeric structure with Zn–O–Ti bonding
was formed in the optimized SZT67 precursor solution. The
optimum concentration of this polymeric network in the
solution might be responsible for the generation of HDPM
thin films. The probable polymeric structure in the optimized
SZT67 solution is displayed in Fig. S10 (ESM).

Effect of temperature on mass loss of the scratched off
film matrix cured at 100 °C was obtained from thermo-
gravimetric analysis (TGA, Fig. 5a). The TGA curve
showed a gradual mass loss of the film materials with
increasing the TG temperature. This loss of film materials
could mainly be attributed to the presence of organics and
nitrates as evidenced from the FTIR spectral study of the as-
coated film (Fig. 5b). It was also seen that after 450 °C, the
mass loss became negligible on further increasing the TG
temperature. At 450 °C of TG temperature, an ~44% mass
loss of the film materials was obtained.

4.4 Textural property

The textural properties of scratched off HDPM and SDM
ZT67 thin film materials from BET nitrogen
adsorption–desorption isotherm are shown in Fig. 6a, b.
Both the isotherms highlighted IUPAC type IV architecture
with H2 hysteresis loop, suggesting the films have an
interconnected pore network [22]. The size of inter-
connected mesopores were calculated from the desorption
branch of the isotherms. It was seen that the size of the
mesopores were nearly same for both the films (~3.3 nm for
HDPM film and ~3.5 nm for SDM film materials). This
observation strongly supported the pore size data obtained
from the dark field TEM image (inset, Fig. 4c) of the films.
The BET specific surface area as obtained from the isotherm
of HDPM ZT67 sample was ~63.2 m2/g. On the other hand,
the SDM ZT67 film material showed much lower specific
surface area (~24.1 m2/g) than the HDPM ZT67 film. This
observation indicated the mesopores were found to be
suppressed/decreased in SDM ZT67 film surface that might
cause a decrease in the specific surface area of the film. In
the SDM film matrix, most of the interconnected mesopores
remained in blocked condition. However, in case of HDPM
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film, the blocked mesopores were observed to be uncovered
due to the generation of periodic macroporous structure. As
a consequence, the number of mesopores increased in
HDPM film matrix. The enhancement of surface area over
2.6 times in HDPM than SDM is explained in Fig. S11
(ESM) where most of the interconnected mesopores in the
thin film matrix would expose towards film-air interface.
This situation would be compared with the fibrous roots of
an anion (ESM, Fig. S11). It was worthy to note that the
RMS surface roughness of HDPM ZT67 film was also two
times higher than the SDM ZT67 thin film as measured by
AFM study (ESM, Fig. S7). The macropores exposed
within interconnected mesopores in the film matrix could
provide a large numbers of active sites for superior elec-
trolyte diffusion and mass transportation. The presence of
homogeneously distributed nearly periodic macropores,
HDPM could effectively harvest visible light towards the
enhancement in PEC property of the thin film (discuss
later).

4.5 XPS analysis

To investigate the oxidation states of constitute elements as
well as the presence of oxygen defects/interaction of ele-
ments in ZTO thin film, the XPS analysis was thoroughly
performed for a representative HDPM ZT67Au sample. In
this respect, the existence of Zn2+ in the film was confirmed
from the observation of strong binding energy peaks

(Fig. 7a) located at ~1044.5 and ~1021.5 eV, corresponded
to the core levels of Zn2p1/2 and Zn2p3/2, respectively. The
energy difference between the levels was found to be
~23.0 eV, confirming the zinc was in +2 oxidation state
[23]. It was noted that the major oxidation state of titanium
was revealed from the appearance of the binding energies of
Ti2p1/2 and Ti2p3/2 core levels at ~464.3 and ~458.6 eV,
respectively with their energy difference of ~5.7 eV (Fig. 7b)
[24]. It was further noted that the strong binding energy
peaks noticed at ~83.5 and 87.4 eV, indicated the existence
of metallic gold with the core levels of Au04f7/2 and Au

04f5/2,
respectively (Fig. 7c). The binding energy values of Au04f7/2
and Au04f5/2 levels were also found to be slightly shifted to
lower energies compared to the actual values of 84.0 and
87.7 eV, respectively [25]. This observation could suggest
that a charge transfer happened between Au nanoparticles
and zinc titanium oxide film matrix [25]. On the other hand,
the binding energy peaks observed at ~530.2, ~531.2, and
~532.3 eV were the three Gaussian fitted peaks of O1s signal
(Fig. 7d) of the sample. The peaks located at ~530.2 and
~531.2 eV corresponded to the lattice oxygen (Olattice) and
oxygen deficient region (Odefect), respectively [13]. However,
the higher binding energy peak located at ~532.4 eV could
relate to oxygen of hydroxyl group (Ohydroxyl) of the sample
[13]. Furthermore, the XPS study of HDPM ZT67Au was
compared with the SDM ZT67Au film to show the oxygen
deficiency present in both the films. The calculated relative
content (%) of Olattice, Odefect and Ohydroxyl were ~57.1%,
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~14.9% and ~28.1%, respectively in HDPM ZT67Au film
matrix whereas, the calculated relative content (%) of Olattice,
Odefect and Ohydroxyl for SDM ZT67Au film were ~59.0%,
~10.1% and ~30.8%, respectively. Thus, the calculated
content (%) of oxygen deficiency in the HDPM ZT67Au film
matrix was ~1.5 times higher than the oxygen deficiency
present in SDM ZT67Au film matrix (ESM, Fig. S12d).
Thus, it is true that the presence of interaction between the
Au nanoparticles with zinc titanium oxide matrix and the
existence of oxygen defect in the film matrix would syner-
gistically help to absorb more visible light towards
enhancement of PEC properties [23] of the film (discussed
later).

4.6 UV–visible absorption spectra

UV–visible absorption spectra of ZTO thin films with/
without nano Au coating on silica glass substrate cured at
450 °C are shown in Fig. 8. The absorption spectra of ZTO
films showed an absorption peak at ~360 nm due to the
presence of ZnO semiconductor in the thin film matrix [26].
As already mentioned in the introduction section, the main
objective of the present work is to create periodic macro-
porous structure towards maximizing visible light absorp-
tion by the thin film matrix through light diffraction and
scattering phenomena. It is known that the incident light is
diffracted and scattered in different directions by the peri-
odic structures of a thin film [27]. The incident photons
could reside into the thin film matrix for a prolonged time
i.e., the optical path length of the incident light would be
increased in the film matrix. As a result an enhancement in
light absorption would occurred [28, 29]. In this work, the
HDPM ZT67Au thin film (Fig. 8) showed a broad

absorption within the wavelength region of 400–500 nm.
This absorption could be considered due to the coupling of
propagating light with the resonant modes of periodic
macropores of the thin film matrix [27–30]. The char-
acteristic absorption peak of Au nanoparticles generally
appears at the wavelength range 500–600 nm [25, 31].
Hence, it was true that the absorption peak shorter than
500 nm would not be due the LSPR of Au nanoparticles. It
was due to the presence of periodic macroporous structure
of the film. The low content of Au nanoparticles were found
to be trapped onto the periodic macropores as evidenced
from the TEM images (Fig. 4e, f) of the sample. In nano Au
coated thin film (HDPM ZT67Au) an enhancement of
absorption in the visible wavelength region was observed
where the LSPR effect of Au nanoparticles is pronounced.
This was because the visible absorption of the periodic
macroporous film, i.e., the structural effect of the thin film
surface was noticed in the broad wavelength region of
400–500 nm. Thus, the overall enhancement of visible
absorption towards effective light harvesting in HDPM
ZT67Au thin film was due to the synergistic effect of per-
iodic macropores and LSPR of Au nanoparticles. In HDPM
ZT67 sample, the interference pattern of light waves
appeared generally due to an overlapping of electric fields
generated by the incident photons into the periodic macro-
pores of thin film semiconductor matrix [27–29, 32].
However, the absence of interference pattern in the UV–vis
spectrum of SDM ZT67 thin film (Fig. 8) could attribute to
the presence of SDM in the sample and hence, the SDM
ZT67 thin film is found to behave planar in nature as evi-
dent from the surface microstructure by FESEM study
(ESM, Fig. S8a). In this case, the incident light falls onto
SDM ZT67 thin film surface and it might simply transmit
without occurrence of light diffraction/scattering, i.e., no
generation of interference of the incident light [33]. On the
other hand, the light absorption particularly in the visible
wavelength region enhanced after nano Au coating on
HDPM ZT67 film surface. A broad absorption appeared at
~555 nm was observed in SDM ZT67Au film due to LSPR
[29, 32] of Au nanoparticles (Fig. 8) but it was not clearly
found in HDPM ZT67Au film. It is known that the surface
plasmon polaritons (SSPs) form along the interface of a
metal and a dielectric film [27, 34]. In the present work,
LSPR and SPPs along with their hybridizations might
provide an effective means towards enhancement in light
absorption in the visible region [34, 35]. In this context, the
interference formed due to homogeneously distributed
periodic macropores, HDPM might be included within the
enhanced visible absorption. Thus, the light absorption/
harvesting in the visible region could be possible by peri-
odic surface texturing by BRF method and noble metal
overlay coating. This could surely improve the PEC activity
of the thin film [23] (discussed later).
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4.7 Light harvesting efficiency (LHE)

The LHE of the SDM ZT67, HDPM ZT67, and HDPM
ZT67Au thin films were evaluated (Fig. 9) using UV–vis
spectral studies with the help of integrating sphere as a
special attachment. It was to be noted that HDPM ZT67 film
exhibited better LHE value compared to SDM ZT67 thin
film. This observation could be associated with the presence
of periodic macroporous structure which could increase the
light absorption by photon trapping [13, 36]. However, the
LHE increased significantly after nano Au coating on
HDPM ZT67 film, i.e., in HDPM ZT67Au film. The pre-
sence of Au nanoparticles in the film matrix could enhance
the light absorption due to LSPR effect as well as increasing
effective optical path length of the incident light via multi-
internal scattering [9, 36]. Thus, the nano Au coated HDPM
ZT67 film could play a key role for improving the LHE
value (Eq. 1) [28, 36]. The strategy could be used to make an
efficient photoanode with enhanced PEC activity.

LHE λð Þ %ð Þ¼ 100%� R λð Þ %ð Þ�T λð Þ %ð Þ ð1Þ
where R and T denote reflection and transmission,
respectively.

4.8 PEC activity

To examine the PEC performance of macroporous ZTO thin
films especially HDPM ZT67 with/without nano Au coating
and SDM ZT67 thin film under visible light irradiation, all the
films were deposited onto a commercially available con-
ducting fluorine doped tin oxide (FTO) coated glass substrate
used as photoanode. The ZT67 thin film with SDM was also
coated on FTO coated glass substrate for comparison. How-
ever, in case of ZT67 thin film with SDM, the deposition and
thermal curing process was different as stated in details under
experimental section. It was worthy to note that the PEC
activity (Fig. 10) of the films was investigated using three-

electrode systems in 0.1M KOH solution. The linear sweep
voltagrams (LSV, Fig. 10a) of ZTO films was measured in the
range of −0.4 to 0.8V vs. Ag/AgCl/3M KCl reference
electrode under illumination of visible light (wavelengths,
≥400 nm) [14] of the xenon lamp source (with a water filter of
1M NaNO2 solution) as well as in dark condition (Fig. 10a).
Upon the visible light exposure, a significant increase in
anodic PD in HDPM ZT67 film was observed compared to
other films. The LSV curve of the ZT67 film with SDM
showed (Fig. 10a) lower PD compared to HDPM ZT67 thin
film. This could be possible due to the presence of periodical
macroporous structure that could enhance the surface area as
well as light harvesting/trapping ability via increasing the
optical path length of incident light of the film as already
evidenced from the measurement of BET nitrogen
adsorption–desorption isotherm and UV–vis spectra, respec-
tively [30]. Homogeneously distributed periodic macroporous
ZT67 film absorbed more visible light than scatterly dis-
tributed macroporous ZT67 film (Fig. 8). It could also
enhance the PD under visible light irradiation [37]. Moreover,
the RMS surface roughness was found to be much higher in
periodic macroporous film than scatterly distributed macro-
porous film. The higher surface area could provide more
active sites for electrolyte diffusion and mass transportation
[13, 23]. The electrochemical impedance spectra (EIS) were
also measured for all the samples to confirm the charge
separation and transportation occurred in ZTO films. It was
noted that the arc radii of EIS Nyquist plots (Fig. 10d) of the
films revealed an interface layer resistance occurring at the
surface of the samples [23]. It was also observed that the arc
radius of the EIS plot of HDPM ZT67 thin film was much
smaller than the SDM ZT67 film, confirming that an efficient
photogenerated charge separation took place in HDPM ZT67
photoanode. This result implied an improvement in photo-
generated charge separation and transportation occurred in
HDPM ZT67 film during the PEC process. In this context, a
significant visible light trapping/absorption occurred in
HDPM ZT67 film as evident from the measurement of the
optical properties of the films (Fig. 8). The periodic macro-
porous film could increase the optical path length of light that
significantly improved the light absorption ability [38] vis-à-
vis enhancing the PEC activity [14]. It is also known that the
PEC activity depends on microstructure of the thin film
matrix. The mesoporous microstructure (Fig. 4c) of HDPM
ZT67 film with higher surface area could provide large
number of active sites for ionic diffusion and mass transpor-
tation [23]. Improvement in PD with comparable long term
photostability was found in the I-t curve (Fig. 10b) of HDPM
ZT67 film under visible light exposure. Moreover, the LSV
curve of HDPM ZT67Au film showed ~2.4 times higher PD
than HDPM ZT67 film (with respect to RHE as obtained from
Eq. 2). This observation could be attributed to the presence of
LSPR effect of metallic Au NPs with a facile charge
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separation occurred in HDPM ZT67Au film [38]. The applied
bias photon-to-current efficiency (ABPE) η of the films were
calculated from their corresponding LSV curves by using Eq.
3 [39]. All the applied potentials reported in efficiency curve
were converted to RHE scale from Ag/AgCl electrode using
Nernst equation (Eq. 2).

ERHE ¼ EAg=AgCl þ 0:059V� pHþ E�
Ag=AgCl ð2Þ

E�
Ag=AgCl ¼ 0:1976Vvs:NHE at 25 �C

η ¼ J 1:23� V app
� �

=Pin � 100% ð3Þ

where J is the measured photocurrent density; Vapp is the
measured applied voltage; Pin is the intensity of the
illuminated light in mW/cm2.

5 Conclusion

In brief, near periodic macro with nested mesoporous
(hierarchically porous) semicrystalline zinc titanium oxide
(ZTO) sol–gel based thin film was fabricated by BRF
method. Several critical parameters including zinc to tita-
nium ratio in precursor solution, room relative humidity
were tailored towards optimization of the periodic macro-
pore formation. Gold nanoparticles (NPs) were further
deposited onto the hierarchically porous film by solution

technique. Crystallinity, surface morphology and micro-
structure of the thin films were critically analyzed by X-ray
diffraction, atomic force, scanning and transmission elec-
tron microscopic studies. The PEC performance of the films
was examined under visible light irradiation. A significant
improvement in PEC activity was observed in Au NPs
coated periodic macroporous thin film. This facile fabrica-
tion process could be applied in other mixed metal oxide
thin films for improving the PEC activity of the materials.
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