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Hydrogen is recognized as the most promising renewable energy source and can be efficiently produced through
water photo-electrolysis green process. This study investigates the performance of ZnO nanorods doped with Fe,
Al, and Sn at a 2 % molar ratio for hydrogen photo-production. The films were prepared using a combination of
Doping successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition (CBD) methods. X-ray
Water splitting diffraction (XRD) analysis confirmed the hexagonal structure of the doped ZnO films with preferential growth
SILAR along the (002) orientation, while energy-dispersive X-ray spectroscopy (EDX) confirmed their high purity. The
doping with Al maintains the ZnO nanorods morphology while Fe, and Sn doping induced changes to overlapped
nanoflakes/nanoflowers morphology. Optical analysis revealed a clear trend in the energy band gap, with Fe-
ZnO film exhibiting the lowest value (2.95 eV), followed by Al-ZnO (3.03 eV), Sn-ZnO (3.07 eV), and ZnO
(3.11 eV). The Fe-ZnO film also demonstrated the best performance as a photoelectrode for hydrogen generation,
achieving optimized incident photon-to-current efficiency (IPCE) and applied bias photon-to-current efficiency
(ABPE) values of 1.45 % and 0.20 % respectively, under 500 nm monochromatic illumination, with high
reproducibility, and durability. These findings represent one step forward to developing ZnO-doped photoanodes
for efficient and sustainable hydrogen green production.

1. Introduction Photoelectrochemical (PEC) water splitting has emerged as a

promising technique for green energy production, particularly in

The global demand for clean and renewable energy sources has
prompted extensive research to overcome the limitations associated
with fossil fuels, including greenhouse gas emissions and limited avail-
ability [1]. In this context, solar cells, piezoelectric materials, wind
energy, geothermal energy, hydropower energy, marine energy, bio-
energy, and other sources have emerged as key contributors to the
renewable energy landscape [2]. Hydrogen green production has gained
significant attention as a promising avenue for sustainable energy gen-
eration [3], although the predominant method of hydrogen extraction
from fossil fuels contributes to global warming and environmental
concerns due to the release of greenhouse gases [4].
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hydrogen generation. By utilizing semiconductors that generate
electron-hole pairs upon exposure to light, PEC directly splits water
molecules into Hy and O,, enabling the direct conversion of sunlight
energy into chemical energy [5,6]. Metal oxides such as FeyOs, NiO,
WO3, SnO,, Cup0, Tay0s, and ZnO have been extensively studied as
photocatalysts to enhance the efficiency of PEC water splitting [7-13].
ZnO nanoparticles, in particular, have shown remarkable potential as
PEC photocatalysts that find applications in diverse fields such as
adsorption, optoelectronics, biosensors, electronics, and photocatalysis
[13-15]. ZnO has many desirable properties including environmental
compatibility, cost-effectiveness, high electron mobility, and a strong
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exciting binding energy [16,17]. However, pure ZnO suffers from limi-
tations such as poor electrical conductivity, limited UV light absorption
due to its wide bandgap, high charge recombination, and inadequate
charge separation. Consequently, researchers have explored strategies
such as doping with specific elements, surface modification, and
morphology control to enhance ZnO’s hydrogen generation capabilities
[18,19].

Previous studies have investigated the utilization of ZnO nano-
materials in PEC water splitting for hydrogen production. For example,
Basu et al. demonstrated enhanced performance by employing BisS3/
ZnO junctions [20], Rekha et al. achieved notable photocurrent (J,, =
0.39 mA/cm?) using ZnO nanoparticles (NPs) [21], Kim et al. mitigated
photo-corrosion through ZnS/ZnO thin films [22], and Hsu et al.
improved efficiency with Fe;03/ZnO core-shell structures [23]. How-
ever, these studies encountered challenges such as low photocurrent,
short carrier lifetime, photo-corrosion, and limited conversion efficiency
[24,25].

Doping ZnO involves introducing specific impurities into its crystal
lattice to improve its electronic, optical, and electrical properties. These
advantages encompass the reduction of the bandgap, enhancement of
visible light absorption, improvement of charge separation, and an in-
crease in stability [14,16]. These combined enhancements result in a
greater efficiency in converting solar energy into hydrogen. A smaller
band gap allows for more photons to be used to excite electrons. The
higher absorption of visible light photons boosts the generation of
electron-hole pairs. This results in an augmented photocurrent density.
Improved charge separation extends the lifespan of charge carriers,
allowing more time for electron-hole pairs to engage in the water-
splitting reaction. Increased stability results in reduced defect forma-
tion and minimizes surface reactions, enhancing the reliability of the
photoelectrode for long-term hydrogen production.

Within this context, Indrajit et al enhanced the performance of ZnO
nanowires (NWs) in PEC applications by doping them with nitrogen (N),
resulting in a 7.5-fold increase in photocurrent density compared to
pure ZnO NWs [26]. This improvement was attributed to the suppressed
recombination of photogenerated carriers. Another study by Yichao et al
involved the preparation of ZnO nanorod arrays doped with V ions for
PEC under visible light. The incorporation of V dopants into the ZnO
lattice expanded the optical absorption of ZnO from UV into the visible
region [27]. This led to an increase in the photocurrent density of
pure ZnO NRs from 1.9 pA/cm? at an applied potential of 0.8 V to 10.5
pA/cm? for V-doped ZnO.

The study, we investigate the impact of doping with Sn, Fe, and Al on
the nanomorphology and water-splitting efficiency of ZnO. The differ-
ences in oxidation state, ionic radii, and electronegativity among Zn, Fe,
Al, and Sn play a crucial role in shaping the structural morphology and
optical properties of ZnO, ultimately influencing its performance in
hydrogen photo-generation applications.

2. Experimental details
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COOH)-2H50O, Alfa Aesar), ferric
chloride hexahydrate (FeCl3-6H50, Sigma-Aldrich), tin chloride dihy-
drate (SnCly-2H20, Sigma-Aldrich), aluminium chloride hexahydrate
(AlCl3-6H50, Sigma-Aldrich), ammonia (NH4OH, ADWIC), zinc sulfate
(Zn(SO4), ADWIC), sulfuric acid (H2SO4, Alfa Aesar), acetone (C3HgO,
Alfa Aesar), sodium hydroxide (NaOH, Alfa Aesar), ethanol (C2HeO, Alfa
Aesar), and hexamethylene tetra ammine (CgHp2Ny4, Alfa Aesar) were
obtained from reputable suppliers, as indicated, and used as received.

2.2. Preparation of ZnO thin films

Before the ZnO film deposition process, the glass substrates were
thoroughly cleaned by treating them with boiled dilute sulfuric acid
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(1:15 v/v) for 30 min, followed by a meticulous rinse in acetone,
ethanol, and distilled water (DW). Two steps were involved in the
deposition of ZnO thin films. Initially, a nanostructured ZnO seed layer
was deposited on glass substrates using the successive ionic layer
adsorption and reaction (SILAR) method. Subsequently, ZnO nanorods
(NRs) were grown by employing the chemical bath deposition (CBD)
technique. In this study, the precursor solutions and conditions for
SILAR and CBD techniques were carefully selected and optimized after
numerous attempts, taking into consideration previous reports [28-32].
The detailed mechanism and chemical reactions for the growth process
of ZnO nanorods are explained in Supplementary data (Equations S1-
S8).

2.2.1. Preparation of ZnO seed layers by SILAR method

For the fabrication of ZnO seed layers through the SILAR method, a
zinc ammonium complex solution was employed as the cationic pre-
cursor. The cationic precursor containing 50 mM ZnSOg4, was dissolved
in diluted ammonia (1:10 v/v). Hot DW maintained at 85°C served as
the anionic precursor. The deposition process involved several steps.
Firstly, the glass substrate was immersed vertically in the cationic pre-
cursor solution for a controlled duration of 40 s. The excess immersion
time led to more weakly bound species, which influenced the quality of
the resulting ZnO seed layer. Subsequently, the substrate was rinsed in
DW at room temperature for 20 s to eliminate loosely bound zinc hy-
droxide molecules. Ultrasonic agitation was then applied for 60 s to
further remove any remaining loosely bound species. Finally, the sub-
strate was immersed in the anionic precursor for 40 s, resulting in the
formation of a well-defined solid ZnO seed layer. To ensure uniformity,
multiple deposition cycles were carried out, resulting in the formation of
high-quality ZnO seed layer films. In this study, 30 deposition cycles
were employed, which yielded excellent ZnO seed layer films with
desired properties. Increasing the number of cycles during the deposi-
tion process led to a thicker ZnO seed layer film, but excessive cycle
numbers resulted in insufficient adhesion and subsequent peeling of the
material from the surface.

2.2.2. ZnO thin film growth via CBD method

High-quality ZnO thin films were grown using a carefully prepared
chemical bath solution. An equimolar (0.05 M) mixture of zinc acetate
dihydrate and hexamethylene tetra ammine (HMTA) was dissolved in
50 mL of DW. It was observed that no precipitation when the compounds
were mixed which indicated that the chosen concentration was within
the solubility range, allowing both compounds to dissolve effectively in
the solution. The low concertation of HMTA suppressed growth along
the c-axis and lateral growth occurs on the side walls of nanorods
because it works as a capping agent for inducing anisotropic growth
along the c-axis [33]. The pH of the solution was maintained at 7 by
dropwise addition of 0.1 M sodium hydroxide (NaOH). ZnO seed layers,
previously obtained through 30 deposition cycles, were immersed
vertically in the chemical and subjected to a temperature of 85°C for 2 h
to facilitate controlled growth of the ZnO films [34]. After deposition,
the films were thoroughly rinsed with DW and acetone to remove any
residual salts, ensuring the preservation of film quality. Before under-
going further characterization and analysis, the films were gently air-
dried at room temperature. During the air-drying step, the films were
placed vertically in a closed box to prevent the risk of external
contamination from dust and scratches or smudges.

2.3. Fe, Al, and Sn-doped ZnO films prepared by CBD method

To prepare the Fe, Al, and Sn doped ZnO films, 1 mM of ferric
chloride hexahydrate (FeCl3-6H30), aluminium chloride hexahydrate
(AlCl3-6H30), and tin chloride dihydrate (SnCly-2H50), with the doping
mole ratio of 2 % were individually incorporated into the chemical bath
solution with identical conditions. The ZnO seed layers were subjected
to a 2-hour immersion vertically in the chemical bath at 85°C. The
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Fig. 1. XRD patterns of pure ZnO, Fe-ZnO, Al-ZnO, and Sn-ZnO nanostructured
thin films.

resulting films were labelled as pure ZnO, Fe-ZnO, Al-ZnO, and Sn-ZnO.
The obtained films were kept in a desiccator for further analysis and
characterization to investigate the influence of doping on the properties
of ZnO.

2.4. Materials characterizations

The fabricated ZnO thin films and the doped samples were subjected
to comprehensive characterization using various analytical techniques.
X-ray diffractometry (XRD) analysis using a Bruker/Siemens D5000 in-
strument (Karlsruhe, Germany) to determine the molecular structure of
the nanostructured thin films. Scanning electron microscopy (SEM)
equipped with an energy-dispersive X-ray (EDX) unit, specifically the
Auriga Zeiss FIB instrument (Munich, Germany), was utilized for
morphology investigations and the chemical composition analysis of the
fabricated samples, respectively. The X-ray diffractometer used for the
measurement operated at a voltage of 40 keV and a current of 35 mA. It
utilized a copper source (CuKy;) with a wavelength (1) of 1.54 A. The
XRD measurement was performed with a step size of 0.05° in the range
from 5° to 70°. The optical properties of the films were assessed using a
double-beam spectrophotometer (Perkin Elmer, Lamba 950, Waltham,
USA).

2.5. Photoelectrochemical measurements

Photoelectrochemical (PEC) water-splitting studies were conducted
using an OrigaFlex potentiostat (OrigaLys ElectroChem., OGFO1A, Ril-
lieux, France) equipped with a three-electrode configuration system at
room temperature. The electrolyte consisted of a Pyrex cell reactor
containing 0.1 M sodium thiosulfate (NaS203) aqueous solution in 50
mL distilled water (DW) with a pH of 7.0. The working electrodes
employed were the fabricated pure ZnO and doped ZnO films. The active
surface area of the film is about 1x1 cm? A platinum sheet (>99 %,
Sigma-Aldrich) served as the counter electrode. Photocurrent versus
voltage (J,,-V) characteristics were recorded by scanning the potential
from —1 V to + 1 V versus Hg/Hg,Cl, reference electrode (Hanna In-
struments, HI5412) at a scan rate of 100 mV/Sec. The measured po-
tentials vs. Hg/Hg,Cl, were converted to the reversible hydrogen
electrode (RHE) using the Nernst equation [35]

Erue = Eng/g,cn, + 0.059 pH + By ., @
where Eryg is the converted potential vs. RHE, Eﬁg HgyCly = 0.2412 V at

25 °C, and Ey y,,c, is the experimentally measured potential against
Hg/Hg,Cl, reference electrode.
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A solar simulator comprising a Xenon lamp (Newport) with a power
intensity of 100 mW/cm? coupled with monochromator optical filters
from 390 to 636 nm (Oriel) was used for illumination. Figure S1(sup-
plementary data) shows the emission spectrum of the Xenon lamp. The
power intensity of the Xe lamp at various monochromatic lights is
illustrated in Table S1 (Supplementary data).

3. Results and discussion
3.1. Structure and morphology characterizations

The X-ray diffraction (XRD) patterns shown in Fig. 1 demonstrate the
characteristics of the crystal structure of pristine ZnO thin films as well
as Fe, Al, and Sn-doped ZnO thin films with a 2.0 % molar doping ratio.
All films exhibited a hexagonal wurtzite structure of ZnO with a space
group of P63mc (186), as confirmed by the standard card JCPDS
96-901-1663 [28]. The diffraction peaks observed at 20 angles of
31.83°, 34.48°, 36.32°, 47.59°, 56.64°, 62.91° and 67.99° corresponded
to the (100), (002),(101), (102),(110), (103), and (200) crystallo-
graphic planes, respectively [36,37]. Notably, the (002) plane appeared
as the dominant peak in all films, indicating a highly c-axis-oriented
structure and the preferential orientation of ZnO nanocrystallites, which
is consistent with prior studies on ZnO films [38,39]. Importantly, no
new peaks were observed after doping, affirming the successful incor-
poration of Fe?, A1™3, and Sn* ions into the ZnO lattice without the
presence of impurities like Zn, Zn(OH),, or ZnCl,. Moreover, the XRD
patterns displayed intense and well-defined diffraction peaks, indicating
the nanocrystalline nature and high-quality deposition of both pure and
doped ZnO films [40,41].

Metal doping with Fe, Al, and Sn in the ZnO matrix significantly
influences the crystalline quality of ZnO thin films. The inclusion of
these elements leads to a reduction in the intensity of prominent peaks
along the (002) plane, concurrently enhancing the peak intensity along
the (100) and (101) planes. Furthermore, the XRD patterns, illustrated
in Figure S2 (Supplementary data), exhibit slight peak shifts, particu-
larly observed in the Fe-doped film. These observations can be attributed
to the disparity in ionic radii between the doping elements (Sn*2 1.18 A,
Al3: 0.57 A, Fet% 0.63 A) and the ionic radius of Zn*? (0.74 A).

The various structural parameters, including crystallite size (D),
dislocation density (8), microstrain (e¢), and texture coefficient (TC),
were calculated and analyzed with the doping elements using the
following equations [42,43]:

0.9
- Bcosd >
1
. g 3)
_ Peotd
o (©))
TC(hkt) — KD/ To (k) )

(N[

where f represents the full width at half maximum, A denotes the X-ray
wavelength used for recording diffractograms, 0 stands for the angle of
diffraction, I(hkl) corresponds to the measured intensity of diffraction
peaks, Ip(hkl) represents the standard intensity of diffraction peaks from
JCDPS card, and N represents the number of diffraction peaks observed
in the XRD pattern. The obtained XRD structural parameters are sum-
marized in Table S2 (Supplementary data).

The peak values in Table S2 indicate that there is a very small shift in
the peak positions of the doped films compared to the pure film. This is
due to well-dispersed and homogeneously distributed dopant atoms
preserving the structural integrity of the ZnO film. A limited quantity of
dopant atoms (2 % molar ratio) are incorporated into the ZnO lattice,
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Fig. 2. The SEM micrographs of (a) pure ZnO, (b) Fe-ZnO, (c) Sn-ZnO, and (d) Al-ZnO films.

resulting in minimum crystal structural disturbance. The dopant atoms
are injected interstitially or substitutionally into the ZnO crystal with
small changes in the lattice properties. As a result, small shifts in peak
shifts occur in the XRD patterns. In addition to the peak shifts, there are
noticeable changes in the intensity and broadening of the peaks in the
doped films compared to the pure film. This is due to the presence of the
dopant atoms, which affect X-ray scattering and bring strain or disorder
into the crystal lattice.

The average crystallite sizes of pure ZnO were determined to be
~85.5 nm. Notably, the inclusion of the doping elements into the ZnO
system led to distinct changes in crystallite size, resulting in values of
~70.65, 86.79, and 65.28 nm for Fe, Al, and Sn doping, respectively.
These variations in crystallite size can be attributed to the differences in
ionic radii and the observed shift in peak location, as depicted in
Figure S3 (Supplementary data) is consistent with work reported in the
literature [44]. In addition, the dislocation density, a crucial parameter
influenced by crystal quality and structure, behaves in opposition to the
crystallite size [45,46]. Moreover, the defect concentration significantly
impacts the morphological and optical properties of thin films [47,48].
The dislocation density of pure ZnO was initially measured at approxi-
mately 0.14 x 107> and increased for all doped samples as shown in
Table S2 (Supplementary data). The rise in dislocation density restricts
the surface atomic motion, retards crystallite growth, and confirms the
low defect density in the fabricated films.

Moreover, microstrain is directly linked to the broadening of XRD
peaks [49] and the positive microstrain value (¢) indicates the presence
of tensile residual stress within the fabricated thin films. Besides, this
broadening effect arises from non-uniform displacements of unit cell
atoms with their positions in the lattice orientation [50,51].

The texture coefficients (TC) of the materials determine the preferred
growth along specific crystallographic planes (hkl) and quantify the
degree of preferential orientation growth which can be calculated using
Eq. (4). Notably, the (002) peak exhibits the highest TC value, sur-
passing 1, for all films, indicating a strong preferential orientation as
shown in Table S2(supplementary data).

Fig. 2(a) shows the SEM micrograph of pure ZnO, revealing the
presence of highly oriented and multilinked hexagonal nanorod-like
nanostructures. The nanorod arrays exhibit a high density and perpen-
dicular growth on the substrate surface, with an average diameter of
450 nm. Figure S3 (Supplementary data) displayed the cross-sectional
SEM image of the ZnO nanorods film. The thickness of the ZnO film
was measured to be around 612 nm. In the case of Fe-ZnO, the SEM
image shown in Fig. 2(b) reveals the morphology appears as fragmented
nanoflakes, likely resulting from the etching of ZnO nanorods. The
nanoflakes aggregate to form mesoporous pores and voids, creating a
three-dimensional mesoporous framework with a high surface area. The
morphology of Al-ZnO nanorods shown in Fig. 2(c) resembles that of
pure ZnO nanorods but with a lower density and more random distri-
bution. The average length and diameter of the Al-ZnO nanorods reach
about 1020 and 300 nm, respectively. On the other hand, the Sn-ZnO
film exhibits nanoflower structures as depicted in Fig. 2(d). These
nanoflowers consist of interconnected small-size ZnO nanoflakes,
forming a network-like structure. Such morphological feature changes
are observed in ZnO films and could be attributed to the doping effect of
the Fe, Al, and Sn ions. For instance, the substitutional incorporation of
gallium (Ga) ions into the ZnO host lattice can tune the morphology
from urchin-like to rose-like structures [52]. Similarly, the morphology
of ZnO nanowires can change to nanoflakes and nanoflowers by doping
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Table 1
EDX composition elemental analysis of the pure ZnO, Fe-ZnO, Al-ZnO, and Sn-
ZnO film.

Thin film ZnO Fe-ZnO Al-ZnO Sn-ZnO
Zn (wt. %, At. %) 64.82, 31.08 59.62, 27.17 58.37, 37.79 6.16, 29.72
O (wt. %, At. %) 35.18,68.92  38.6, 71.88 36.95,61.22  36.13, 69.47

dopant - Fe Al Sn
(wt. %, At. %) 1.78, 0.95 0.71, 0.81 4.41, 0.99

with indium (In) ions [53]. The introduction of dopants can perturb the
crystal lattice, surface energy, and growth mechanism of ZnO, leading to
the preferential formation of different crystal planes and resulting in
diverse morphologies. Furthermore, the concentration of hydroxyl ions
(OH") plays a crucial role in controlling the morphology of ZnO na-
nostructures prepared by the CBD method [34,54]. The growth process
and morphological evolution depend on the OH™ to Zn?* ratio. Initially,
ZnO growth occurs through Zn(OH),, and the presence of impurities in
the precursor solution can influence the OH™ ions, leading to morpho-
logical changes in the resulting material. Studies have observed that
high pH environments can induce the etching of nanorods due to the
attachment of hydroxide ions on ZnO [55].

The elemental composition analysis of the ZnO, Fe-ZnO, Al-ZnO, and
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Sn-ZnO films was performed using energy-dispersive X-ray spectroscopy
(EDX) as shown in Figure S4 (Supplementary data) and the corre-
sponding quantitative elemental analysis results are shown in Table 1.
The analysis of pure ZnO film reveals the presence of zinc and oxygen,
with atomic ratios of 31.08 and 68.92 %, respectively. Fig. S4(a) shows
three characteristic peaks of zinc located at 1.10, 8.62, and 9.54 keV,
confirming the high purity of the prepared ZnO, consistent with the XRD
findings. Additionally, the EDX analysis demonstrates the presence of
the doped elements in the impure films, as observed in Figure S4(b-d).
The atomic ratios of Fe, Sn, and Al were determined to be 0.95 %, 0.99
%, and 0.81 %, respectively.

3.2. Optical characterization of the doped ZnO films

Fig. 3(a) illustrates a comparative study of the absorbance patterns of
pure ZnO nanorods and Fe, Al, and Sn-doped ZnO nanorods using the
UV-visible (UV-Vis) spectrum. A wide absorption band ranging from
300 nm to 380 nm is observed, resulting from the transfer of electrons
from the valance band to the conduction band of ZnO [4].

Doping of ZnO films with Fe induces a shift in the absorption band
towards visible wavelengths compared to the other films, and the
absorbance of Fe-ZnO is higher than that of pure ZnO, Al-ZnO, and Sn-
ZnO films. Dopants in ZnO crystals create localized energy levels within
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Fig. 3. Optical characteristics of Sn, Al, and Fe-doped ZnO nanostructure thin films (a) UV-Vis spectra demonstrating the absorbance patterns, (b) Corresponding
energy bandgap (E) using Tauc equation, (c) Energy bandgap (E,) values of the nanostructured films, and (d) Extinction coefficient variation with the wavelength in

ZnO films.
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Fig. 4. (a) linear sweep voltammetry (LSV) at 100 mV/s under dark and white light illumination of the Fe, Al, and Sn doped ZnO photoanode in 0.1 M NayS;03
solution, and (b) comparison of the photocurrent density at 1.23 V vs. RHE of the pure ZnO, Fe-ZnO, Al-ZnO, and Sn-ZnO photoelectrode.

the bandgap, which can trap electrons or holes and modify the electronic
and optical properties of ZnO [56,57]. Furthermore, the surface mor-
phologies of ZnO nanofilms can affect light absorption, and the complex
structure of Fe-ZnO contributes to its high absorbance due to light-
trapping effects [38,58].

The Tauc equation is employed to determine the energy bandgap of
ZnO nanostructured thin films [59]:

(ahv)® = Hy(hv — E,) (6)

where, o, v, h, and Hy describe the absorption coefficient, frequency of
incident photon energy, Planck’s constant, and a constant value,
respectively. Here, Eg defines the direct energy bandgap of ZnO between
the valance and conduction bands. This parameter can be simply
equivalent to the intersecting value when we plot (ahv)® versus hy
(hv = E,, when a = 0) [60].

Fig. 3(b) shows the energy bandgap of nanostructured doped ZnO
films decreases in the order of ZnO (3.11 eV) > Sn-ZnO (3.07 eV) > Al-
ZnO (3.03 eV) > Fe-ZnO (2.95 eV). Notably, the reduction in bandgap
values (Eg) from 3.11 eV to 2.95 eV upon the doping of ZnO with Fe may
be attributed to the difference in electronegativity between Zn and the
doping materials [61,62], which generates defect sites and decreases the
energy bandgap between the valence and conduction bands [62,63].
The energy bandgap (Eg) of the Fe-ZnO film is shifted towards longer
wavelengths within the visible region, making it suitable for the PEC
reactions.

Fig. 3(c) provides the correlation between the energy bandgap values
resulting from the ZnO doped with Fe, Al, and Sn ions. Additionally,
Fig. 3(d) illustrates the role of the doping process on the extinction co-
efficient (k) of the nanostructured doped films. The maximum values of
the extinction coefficients are observed in the UV region (300 nm to 380
nm). Furthermore, upon the doping of Sn, Al, and Fe into ZnO films,
slight increases in the values of the extinction coefficients, consequently,
the absorption values are expected to increase with the doping process,
as demonstrated in Fig. 3(a). In conclusion, the doping of ZnO films with
Sn, Al, and Fe significantly affects the absorption values and energy
bandgap.

3.3. Photoelectrochemical (PEC) characterisation

The comparison of photocurrent and dark current densities presents
a preliminary indication of the photoelectrode efficiency towards the
PEC hydrogen production process. Fig. 4(a) showed the photocurrent
density as a function of the applied potential (V vs. RHE) for ZnO (red
line), Sn-ZnO (blue line), Al-ZnO (green line), and Fe-ZnO (magenta
line) under the illumination of 100 mW/cm? Xenon arc lamp. In addi-
tion, the dark current density for ZnO (black line) is illustrated for
comparison.

For pure ZnO photoelectrode at 1.23 V vs. RHE, the photocurrent

density is higher under light (0.25 pA/cm?) than under dark illumina-
tion (0.18 mA/cm?). In the absence of light, the current density is very
low and can be negligible due to the absence of photogenerated electron-
hole pairs (e-h). The high photocurrent density reflects the efficient
redox reactions that occur at the interface between the photoelectrode
and electrolyte. The incorporation of Fe, Al, and Sn into the ZnO crystal
affects the photoelectrode properties. At 1.23 V vs. RHE, the photocur-
rent density reaches 0.56, 0.23, and 0.06 mA/cm? for Fe-ZnO, Al-ZnO,
and Sn-ZnO, respectively as seen in Fig. 4(b). The higher photocurrent
density for Fe-ZnO compared to other studied electrodes indicates that
Fe doping enhanced the hydrogen production of ZnO film.

In the LSV data (Fig. 4), the photocurrent density reaches saturation
for Al-ZnO and Sn-ZnO, indicating that the electrochemical reaction on
their surfaces is reaching its maximum rate limited by factors such as
mass transport or the availability of active sites. However, the Fe-ZnO
sample does not reach saturation in the same voltage range, suggest-
ing that the PEC reaction on its surface is not reaching its maximum
efficiency. This behaviour can be attributed to various factors, including
the presence of surface defects, high surface area, and the availability of
active sites of Fe-ZnO film [19,64]. Surface defects can modify the
electronic properties of the material and induce intrinsic intermediate
gap states. These defect-induced states can facilitate charge transfer
processes and enhance the photo-interaction between light and the
electrolyte. Additionally, the presence of active sites on the Fe-ZnO
electrode promotes efficient charge migration and electron extraction.
The high surface area indicates Fe-ZnO electrode has a higher capacity
for charge extraction. These factors improved charge distribution and
transfer dynamics on the Fe-ZnO electrode, resulting in fast PEC kinetics.
Hence, the photocurrent density of Fe-ZnO continues to increase within
the tested voltage range without reaching saturation compared to Al-
ZnO and Sn-ZnO.

Furthermore, the Fe-ZnO film exhibits a Jpy, (25 pA/cmZ) even with
zero voltage applied. This shows that the Fe-ZnO film can generate
hydrogen from incident light without the applied external bias voltage.
This behaviour is known as self-biasing. It is very desirable for PEC
electrodes because it can improve process efficiency and reduce overall
energy consumption [65].

The Fe-ZnO photoactivity enhancement can be correlated with the
surface morphology and optical properties of films where the Fe doping
enhances the absorption of visible light and reduces the band gap of the
ZnO thin film to 2.95 eV. Hence, the Fe-ZnO photoelectrode is capable of
absorbing visible light and converting it into charge carriers which
significantly benefits the PEC activity. Moreover, the morphology of Fe-
ZnO film offers a large surface area with more light absorption and
active sites for reactions and reactant adsorption [66,67]. The inter-
connected nanoflakes also provide a pathway for efficient surface charge
transport resulting in faster reaction kinetics at the electrode/electrolyte
interface. In addition, it can trap and confine charge carriers, which
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avoids the recombination rate of electrons and holes.

3.4. Reproducibility, stability, and durability of Fe-ZnO photoelectrode

The reproducibility, stability, and durability of the photoelectrodes
are critical factors that need to be ensured for consistent and efficient
hydrogen production in PEC water splitting. Reproducibility can be
evaluated by repeatedly testing the photoelectrode’s photocurrent-
voltage (Jpn-V) characteristics under operating conditions. Fig. 5(a)
shows the J;,-V characteristics of Fe-ZnO photoelectrode repeated for 6
runs under 100 mW/cm? illumination. The results show that the

photocurrent retains about 72 % of the original value (decreased from
0.60 to 0.43 mA/cm?) at an applied voltage of 1.23 V vs. RHE and after
the sixth run as shown inset Fig. 5(a). This confirms the good stability of
the Fe-ZnO film against surface degradation.

Chopping mode is a useful technique for investigating the kinetics of
the charge transfer process as well as the stability of photocatalysts.
Fig. 5(b) presented the photocurrent response of the Fe-ZnO photo-
electrode during the chopping mode (light turned on and off) over
multiple cycles under Xe Lamp light irradiation at an applied potential of
1.23 V vs. RHE 100 mM NayS,03 solution. For all cycles, the Fe-ZnO
photoanode exhibits a fast and high photocurrent response that
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implies that most of the photogenerated electrons could be transferred
to the back contact across the material to produce photocurrent re-
sponses upon light irradiation and confirm the durability of the Fe-ZnO
electrode.

The Jpp-t curve of the photoelectrode under continuous irradiation is
useful to assess the photoelectrode’s stability for long-term water-
splitting applications. Figure S5 (Supplementary data) shows the Jpp-t
curve of the Fe-ZnO photoanode under 100 mW/cm? visible light
continuous illumination at an applied potential of 1.23 V vs. RHE using
the chronoamperometry technique. The high value of photocurrent at
the beginning of the experiment is due to the capacitive effect. The
photocurrent decreased to 0.1 mA/cm? during the first 30 min and then
stayed constant indicating very stable photoreaction and fast collection
of the ionic charges at the Fe-ZnO photoanode surface.

The linear sweep voltammetry (LSV) response of the Fe-ZnO photo-
electrode illuminated with monochromatic light at different wave-
lengths (from 390 to 636 nm) is shown in Fig. 6(a). The results indicated
that the Fe-ZnO photoanode responses are changed according to the
applied light wavelengths. The values of Jy, at 1.23 V vs. RHE at
different monochromatic light wavelengths are shown in Fig. 6(b).

The highest response was observed at 500 nm and the Jp, values
decreased from 0.58 mA/cm? at 500 nm to 0.23 at 390 nm. The high Jph
value at 500 nm is due to the proximity of the wavelength to the energy
band gap of the Fe-ZnO photoanode (2.95 eV). Since photons at 500 nm
have sufficient energy to drive electrons across the band gap, electron-
hole pairs are produced. Consequently, the Fe-ZnO photoelectrode ex-
hibits high photoconversion efficiency at this wavelength. The spectral
response can provide insights into the photoconversion efficiency of
photoelectrode and the strong response at wavelength 500 nm suggests
that the Fe-ZnO photoelectrode has a high photoconversion efficiency at
this wavelength (visible region).

The incident photon-to-current efficiency (IPCE) measures the effi-
ciency of photoelectrode material for converting incident photons into
electrical current. It can be calculated by measuring the photocurrent
generated by a photoelectrode to the number of incident photons
(light intensity) at a specific wavelength using the following equation
[68]:

Jon (MA/cm?) 1240

IPCE (%) = P (mW /om?) X » (om) x 100 )

where Jp, (mA/cm?) is photocurrent taken at a certain wavelength of
incident light; A (nm) is the wavelength of the radiating monochromatic
photon, and P (mW /cm?) is the illuminating light power density.

Fig. 6(c) shows the correlation of the IPCE (%) with the wavelength
of the monochromatic light for the Fe-ZnO photoanode. The highest
IPCE (%) value observed was 1.45 % at a wavelength of 500 nm, cor-
responding to the high visible region absorption. The applied bias
photon-to-current efficiency (ABPE) is a metric for evaluating the per-
formance of a photoelectrode material in converting light to electrical
energy for hydrogen generation at various applied bias voltages. ABPE
values can vary depending on the applied bias voltage. Measuring the
ABPE value helps in determining the optimum bias voltage to achieve
maximum efficiency and it can be calculated by the following equation
[69]:

Jon (mA /cm?)

ABPE (%) = P (mW/cm?)

X (1.23 = Vypp) x 100 ®

Fig. 6(d) shows how the ABPE varies as a function of applied voltage
at different wavelengths (390-636 nm) and the highest ABPE % value of
0.2 % at an applied bias voltage of 0.8 V vs. RHE under monochromatic
illumination12 of 500 nm was obtained. Both IPCE (%) and ABPE (%)
exhibit the highest values at 500 nm which is associated with enhanced
light absorption and a significant increase in charge generation in the -
visible region.

Finally, the assessment of large-scale hydrogen generation systems
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Table 2
Comparison of the Fe-ZnO PEC performance with photo-catalysts previously
published in literature.

Electrode Efficiency Jph Condition Reference
Materials (mA/
cm?)
V/ZnO — 0.018 1V vs. Ag/AgCl [26]
ZnO/ZnS - 0.53 1.2 V vs. Ag/AgCl [70]
Si/ZnO/Au IPCE =1.20% 0.45 1.5 V vs. Pt counter [71]
electrode
ZnO/Au/ IPCE=0.70%  0.55 1.5 V vs. Ag/AgCl [72]
Al,03

ZnO IPCE=0.10% 0.44 1.2V vs. Ag/AgCl [731
Al-ZnO ABPE = 0.02 0.15 1.2V vs. Ag/AgCl [74]

%
Si/ZnO ABPE = 0.5 2V vs. SCE [75]

0.035 %
Fe-ZnO IPCE = 1.45 0.56 1.23 V vs RHE This work

%,
ABPE = 0.20
%

hinges on the determination of the number of hydrogen moles produced
during the PEC reaction. By applying Faraday’s law, it is possible to
determine the number of hydrogen moles from the photocurrent density
and the quantity of electric charge transmitted during the PEC reaction
is proportional to this photocurrent. The amount of charge required to
produce one mole of hydrogen gas is given by the Faraday constant (F =
96485C/mol) and the electrolysis law of Faraday is given by using the
following equation [68]:

t

1
Hz (moles) = E/Jph dt (9)

0

Fig. 7 shows the equivalent number of Hy moles as a function of the
generation time obtained from the corresponding photocurrent-time
curve shown in Figure S5 (Supplementary data) during the PEC pro-
cess. The accumulated number of the generated hydrogen moles reaches
0.85 mmol/ cm? as obtained by integrating the photocurrent-time curve.

Finally, Table 2 summarises a comparison between the photo per-
formance of the Fe-ZnO photoanode with some photo-catalysts previ-
ously published in literature. The results show that the Fe-ZnO electrode
has high efficiency for the PEC process, making it a significant advantage
over other electrodes.
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Fig. 8. Schematic depiction of the photoelectrochemical (PEC) mechanism on the Fe-ZnO photoelectrode.

3.5. Mechanism of the Fe-ZnO photo-performance

A plausible catalytic mechanism for iron-doped ZnO is depicted in
Schematic Fig. 8. In undoped ZnO, when irradiated, electrons (e) in the
valence band (VB) are excited to the conduction band (CB), leaving
holes in the VB of ZnO through the following reaction

ZnO +hv— ZnO(h{y, +egy) (10)

However, the high recombination rate of these photogenerated
electron-hole pairs in ZnO diminishes the PEC efficiency. With the
introduction of Fe(3d) ions into ZnO, defects are generated in the crystal
structure [76]. The presence of Fe ions introduces two discrete energy
levels within the Fe-ZnO band gap [77,78]. This is because the redox
potentials of Fe are positioned between the CB and VB of the ZnO crystal
[79,80]. The Fe ions act as surface traps for the photogenerated charges.
Fe3* jons can react as an electron acceptor, forming Fe?*, and they can
also act as a hole acceptor, forming Fe*". The reactions of Fe>* jons with
electrons and holes can be described by the following chemical
equations

Fe¥ —egy + Fe?™ an

Fe¥* —hy, + Fe** (12)

The Fe?* and Fe*" ions are relatively unstable compared to Fe3*
ions. To regain stability, these ions react with water adsorbed onto the
catalytic surface, producing Hy gas. Consequently, the doping levels
serve as separation centres for the photogenerated e /h™ pairs, pre-
venting or reducing electron-hole recombination. The presence of Fe
states increases the density of states (DOS) near the Fermi level,
resulting in a narrower band gap and improved visible light absorption
[81]. As a result, more photogenerated electrons and holes can be
excited and participate in the PEC reaction. Thereby, improving activity
by Fe-ZnO photocatalyst.

4. Conclusion

In summary, this study presents the synthesis and characterization of
Sn, Fe, and Al-doped ZnO films for efficient hydrogen production
through water splitting. The films were analyzed using SEM, EDX, and
XRD techniques. Doping with 2.0 % Fe resulted in a decrease in the
crystallite size (D) of the ZnO film from 85.5 nm to 70.1 nm. The energy
band gaps of the nanostructured films (ZnO, 2 %Sn-ZnO, 2 %Al-ZnO,
and 2 %Fe-ZnO) were measured as 3.11, 3.07, 3.03, and 2.95 eV,
respectively. The incorporation of Sn, Fe, and Al significantly influenced
the morphology of the CuO thin films. Notably, the 2 %Fe-ZnO film

exhibited superior photoelectrochemical (PEC) performance, displaying
higher photocurrent and favourable optical properties. The hydrogen
production rate measured for this film was 0.85 mmol/h cm?. Further-
more, the 2 %Fe-ZnO photoelectrode demonstrated excellent stability
and reproducibility, as confirmed by on/off chopped photocurrent
analysis. These findings highlight the potential of Fe-doped ZnO films as
highly efficient photoelectrodes for sustainable hydrogen generation via
water splitting.

CRediT authorship contribution statement

Mohamed Zayed: Methodology, Formal analysis, Writing — review
& editing. Mohamed A. Ghanem: Writing — review & editing, Funding
acquisition, Resources. Mariam Taha: Methodology, Investigation,
Software. Hussein A. Elsayed: Investigation, Validation, Data curation.
Ahmed Mehaney: Investigation, Data curation, Visualization.
Mohamed Shaban: Writing — review & editing, Methodology, Re-
sources. Khaled M.H. Mohammed: Investigation, Validation. Ashour
M. Ahmed: Supervision, Writing — review & editing, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

The authors would like to express their sincere gratitude to the re-
searchers supporting program Project number (RSP-2023R518), King
Saud University, Riyadh, Saudi Arabia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jscs.2023.101750.

References

[1] T. Abbasi, S.A. Abbasi, Decarbonization of fossil fuels as a strategy to control global
warming, Renew. Sustain. Energy Rev. 15 (4) (2011) 1828-1834, https://doi.org/
10.1016/j.rser.2010.11.049.

[2] J. Alazraque-Cherni, Renewable Energy for Rural Sustainability in Developing
Countries, Bull. Sci. Technol. Soc. 28 (2) (Apr. 2008) 105-114, https://doi.org/
10.1177/0270467607313956.

[3] J. Guo, et al., Hydrogen production from the air, Nat. Commun. 13131 (1) (2022)
1-9, https://doi.org/10.1038/541467-022-32652-y.


https://doi.org/10.1016/j.jscs.2023.101750
https://doi.org/10.1016/j.jscs.2023.101750
https://doi.org/10.1016/j.rser.2010.11.049
https://doi.org/10.1016/j.rser.2010.11.049
https://doi.org/10.1177/0270467607313956
https://doi.org/10.1177/0270467607313956
https://doi.org/10.1038/s41467-022-32652-y

M. Zayed et al.

[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. Zayed, A.M. Ahmed, M. Shaban, Synthesis and characterization of nanoporous
ZnO and Pt/ZnO thin films for dye degradation and water splitting applications,
Int. J. Hydrogen Energy 44 (33) (2019) 17630-17648, https://doi.org/10.1016/J.
IJHYDENE.2019.05.117.

A.M. Alenad, et al., Impact of carbon nanotubes concentrations on the performance
of carbon nanotubes/zinc oxide nanocomposite for photoelectrochemical water
splitting, J. Electroanal. Chem. 943 (2023), 117579, https://doi.org/10.1016/J.
JELECHEM.2023.117579.

A.T. Sivagurunathan, S. Adhikari, D.H. Kim, Strategies and implications of atomic
layer deposition in photoelectrochemical water splitting: Recent advances and
prospects, Nano Energy 83 (2021), 105802, https://doi.org/10.1016/J.
NANOEN.2021.105802.

G. Rahman, Z. Najaf, S.A. Mian, Investigation of the structural, optical, and
photoelectrochemical properties of a-Fe2O3 nanorods synthesized via a facile
chemical bath deposition, Optik (stuttg) 200 (2020), 163454, https://doi.org/
10.1016/J.1JLEO.2019.163454.

M. Bonomo, G. Naponiello, I. Venditti, V. Zardetto, A. Di Carlo, D. Dini,
Electrochemical and photoelectrochemical properties of screen-printed nickel
oxide thin films obtained from precursor pastes with different compositions,

J. Electrochem. Soc. 164 (2) (2017) H137-H147, https://doi.org/10.1149/
2.0051704JES/XML.

V.S. Vidyarthi, et al., Enhanced photoelectrochemical properties of WO3 thin films
fabricated by reactive magnetron sputtering, Int. J. Hydrogen Energy 36 (8) (2011)
4724-4731, https://doi.org/10.1016/J.IJHYDENE.2011.01.087.

H. Ali, R. Brahimi, R. Outemzabet, B. Bellal, M. Trari, Comparative analysis of
structural and photoelectrochemical properties of pure and Sb doped SnO»
functional electrode, Thin Solid Films 649 (2018) 225-231, https://doi.org/
10.1016/j.tsf.2018.01.044.

N.A.M. Barakat, N.A. Erfan, A.A. Mohammed, S.E.I. Mohamed, Ag-decorated TiO2
nanofibers as Arrhenius equation-incompatible and effective photocatalyst for
water splitting under visible light irradiation, Colloids Surf. A Physicochem. Eng.
Asp. 604 (2020), 125307, https://doi.org/10.1016/j.colsurfa.2020.125307.

Y. Takahara, J.N. Kondo, T. Takata, D. Lu, K. Domen, Mesoporous tantalum oxide.
1. Characterization and photocatalytic activity for the overall water
decomposition, Chem. Mater. 13 (4) (2001) 1194-1199, https://doi.org/10.1021/
CMO0005721.

X.X. Ma, L. Chen, Z. Zhang, J.L. Tang, Electrochemical performance evaluation of
CuO@Cuz0 nanowires array on Cu foam as bifunctional electrocatalyst for
efficient water splitting, Chinese J. Anal. Chem. 48 (1) (Jan. 2020)
€20001-e20012, https://doi.org/10.1016/51872-2040(19)61211-9.

J. Wojnarowicz, T. Chudoba, W. Lojkowski, A review of microwave synthesis of
zinc oxide nanomaterials: reactants, process parameters and morphologies,
Nanomaterial 10 (6) (2020) 1086, https://doi.org/10.3390/NANO10061086.

A. Kolodziejczak-Radzimska, T. Jesionowski, Zinc oxide—From synthesis to
application: a review, Material 7 (4) (2014) 2833-2881, https://doi.org/10.3390/
MA7042833.

V.Q. Dang, et al., Ultrahigh responsivity in graphene-ZnO nanorod hybrid UV
photodetector, Small 11 (25) (2015) 3054-3065, https://doi.org/10.1002/
SMLL.201403625.

V.Q. Dang, et al., Low temperature fabrication of hybrid solar cells using co-
sensitizer of perovskite and lead sulfide nanoparticles, Org. Electron. 50 (2017)
247-254, https://doi.org/10.1016/J.0RGEL.2017.07.047.

M.A. Desai, A.N. Vyas, G.D. Saratale, S.D. Sartale, Zinc oxide superstructures:
Recent synthesis approaches and application for hydrogen production via
photoelectrochemical water splitting, Int. J. Hydrogen Energy 44 (4) (2019)
2091-2127, https://doi.org/10.1016/J.1JHYDENE.2018.08.042.

J. Kegel, I.M. Povey, M.E. Pemble, Zinc oxide for solar water splitting: A brief
review of the material’s challenges and associated opportunities, Nano Energy 54
(2018) 409-428, https://doi.org/10.1016/J.NANOEN.2018.10.043.

S. Bera, S. Ghosh, R.N. Basu, Fabrication of Bi2S3/ZnO heterostructures: An
excellent photocatalyst for visible-light-driven hydrogen generation and
photoelectrochemical properties, New J. Chem. 42 (1) (2018) 541-554, https://
doi.org/10.1039/C7NJ03424E.

R. Dom, S. Govindarajan, S.V. Joshi, P.H. Borse, A solar-responsive zinc oxide
photoanode for solar-photon-harvester photoelectrochemical (PEC) cells,
Nanoscale Adv. 2 (8) (2020) 3350-3357, https://doi.org/10.1039/DONA00139B.
H. Kim, M.H. Oh, B.L. Yang, Photocorrosion of polyaniline-ZnS-ZnO
photoelectrode for water splitting, Thin Solid Films 693 (2020), 137678, https://
doi.org/10.1016/j.ts£.2019.137678.

Y.K. Hsu, Y.C. Chen, Y.G. Lin, Novel ZnO/Fe203 Core-Shell Nanowires for
Photoelectrochemical Water Splitting, ACS Appl. Mater. Interfaces 7 (25) (2015)
14157-14162, https://doi.org/10.1021/ACSAMI.5B03921/SUPPL _FILE/
AM5B03921_SI1_001.PDF.

L. Xu, Y. Zhou, Z. Wu, G. Zheng, J. He, Y. Zhou, Improved photocatalytic activity of
nanocrystalline ZnO by coupling with CuO, J. Phys. Chem. Solid 106 (2017)
29-36, https://doi.org/10.1016/J.JPCS.2017.03.001.

D. Chen, H. Zhang, S. Hu, J. Li, Preparation and Enhanced Photoelectrochemical
Performance of Coupled Bicomponent ZnO—TiO2 Nanocomposites, J. Phys. Chem.
C 112 (1) (2007) 117-122, https://doi.org/10.1021/JP077236A.

L. Cai, et al., V ions implanted ZnO nanorod arrays for photoelectrochemical water
splitting under visible light, Int. J. Hydrogen Energy 40 (3) (2015) 1394-1401,
https://doi.org/10.1016/J.1JHYDENE.2014.11.114.

1.V. Bagal, et al., Toward stable photoelectrochemical water splitting using NiOOH
coated hierarchical nitrogen-doped ZnO-Si nanowires photoanodes, J. Energy
Chem. 71 (2022) 45-55, https://doi.org/10.1016/J.JECHEM.2022.03.015.

10

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Journal of Saudi Chemical Society 27 (2023) 101750

M. Shaban, M. Zayed, H. Hamdy, Nanostructured ZnO thin films for self-cleaning
applications, RSC Adv. 7 (2) (2017) 617-631, https://doi.org/10.1039/
c6ra24788a.

P.S. Kumar, et al., Biodegradability study and pH influence on growth and
orientation of ZnO nanorods via aqueous solution process, Appl. Surf. Sci. 258 (18)
(2012) 6765-6771, https://doi.org/10.1016/J.APSUSC.2012.03.051.

M.A. Al-Balushi, et al., Ionization radiation shielding effectiveness of lead acetate,
lead nitrate, and bismuth nitrate-doped zinc oxide nanorods thin films: A
comparative evaluation, Materials (basel) 15 (1) (2022) 3, https://doi.org/
10.3390/MA15010003/S1.

P. Kg, Quartz tuning fork as humidity sensor, J. Nanomed. Nanotechnol. 08 (04)
(2017) 8-11, https://doi.org/10.4172/2157-7439.1000451.

M. Zayed, N. Nasser, M. Shaban, H. Alshaikh, H. Hamdy, A.M. Ahmed, Effect of
morphology and plasmonic on au/zno films for efficient photoelectrochemical
water splitting, Nanomaterials 11 (9) (2021) 1-20, https://doi.org/10.3390/
nano11092338.

V. Strano, et al., Double role of HMTA in ZnO nanorods grown by chemical bath
deposition, J. Phys. Chem. C 118 (48) (2014) 28189-28195, https://doi.org/
10.1021/JP507496A/SUPPL_FILE/JP507496A_SI_001.PDF.

K. Mosalagae, D.M. Murape, L.M. Lepodise, Effects of growth conditions on
properties of CBD synthesized ZnO nanorods grown on ultrasonic spray pyrolysis
deposited ZnO seed layers, Heliyon 6 (7) (2020) e04458.

J. Hu, X. Li, X. Wang, Q. Li, F. Wang, Novel hierarchical Sn304/BiOX (X = Cl, Br, I)
p-n heterostructures with enhanced photocatalytic activity under simulated solar
light irradiation, Dalt. Trans. 48 (24) (2019) 8937-8947, https://doi.org/10.1039/
CODTO01184F.

S. Shi, J. Xu, L. Li, Effect of Mg concentration on morphological, structural and
optical properties of Mg-K co-doped ZnO thin films prepared by sol-gel method,
Mater. Lett. 229 (2018) 178-181, https://doi.org/10.1016/J.
MATLET.2018.07.017.

N. Guermat, W. Daranfed, I. Bouchama, N. Bouarissa, Investigation of structural,
morphological, optical and electrical properties of Co/Ni co-doped ZnO thin films,
J. Mol. Struct. 1225 (2021), 129134, https://doi.org/10.1016/J.
MOLSTRUC.2020.129134.

T.A. Taha, R. Saad, M. Zayed, M. Shaban, A.M. Ahmed, Tuning the surface
morphologies of ZnO nanofilms for enhanced sensitivity and selectivity of CO, gas
sensor, Appl. Phys. A 129 (2) (2023) 1-18, https://doi.org/10.1007/500339-023-
06387-6.

V. Deepthi, B. Vidhya, A. Sebastian, Photocatalytic degradation of model pollutants
using ZnO/AgsPOy4 heterostructure thin films under visible and solar irradiation,
Opt. Mater. (Amst) 138 (2023), 113646, https://doi.org/10.1016/J.
OPTMAT.2023.113646.

J.E. Morales-Mendoza, G. Herrera-Pérez, L. Fuentes-Cobas, L.A. Hermida-Montero,
N. Pariona, F. Paraguay-Delgado, Synthesis, structural and optical properties of Cu
doped ZnO and CuO-ZnO composite nanoparticles, Nano-Struct. Nano-Objects 34
(2023), 100967, https://doi.org/10.1016/J.NANOS0.2023.100967.

L.H. Mohammed, F. Gulbagca, R.N.E. Tiri, A. Aygun, M. Bekmezci, F. Sen,
Hydrothermal-assisted synthesis of Co-doped ZnO nanoparticles catalyst for
sodium borohydride dehydrogenation and photodegradation of organic pollutants
in water, Chem. Eng. J. Adv. 14 (2023), 100495, https://doi.org/10.1016/J.
CEJA.2023.100495.

A. Goktas, I.H. Mutlu, Y. Yamada, Influence of Fe-doping on the structural, optical,
and magnetic properties of ZnO thin films prepared by sol-gel method,
Superlattice. Microst. 57 (2013) 139-149, https://doi.org/10.1016/J.
SPMI.2013.02.010.

Y. Wang, W. Tang, L. Zhang, Crystalline size effects on texture coefficient,
electrical and optical properties of sputter-deposited ga-doped ZnO thin films,

J. Mater. Sci. Technol. 31 (2) (2015) 175-181, https://doi.org/10.1016/J.
JMST.2014.11.009.

X. Hu Chen, et al., Correlation between crystal structure and mechanical
performance of Cr-implanted 300M high-strength steel using X-ray diffraction
method, J. Iron Steel Res. Int. 26 (10) (2019) 1106-1116, https://doi.org/
10.1007/542243-019-00315-W.

K.R. Khiangte, et al., Dislocation density and strain-relaxation in Gel—xSnx layers
grown on Ge/Si (0 0 1) by low-temperature molecular beam epitaxy, J. Cryst.
Growth 470 (2017) 135-142, https://doi.org/10.1016/J.JCRYSGRO.2017.04.018.
K. Mageshwari, R. Sathyamoorthy, Physical properties of nanocrystalline CuO thin
films prepared by the SILAR method, Mater. Sci. Semicond. Process. 16 (2) (2013)
337-343, https://doi.org/10.1016/J.MSSP.2012.09.016.

K. Saravanan, et al., Effect of defects and film thickness on the optical properties of
ZnO-Au hybrid films, RSC Adv. 5 (51) (2015) 40813-40819, https://doi.org/
10.1039/C5RA02144H.

N.M. Flores, U. Pal, R. Galeazzi, A. Sandoval, Effects of morphology, surface area,
and defect content on the photocatalytic dye degradation performance of ZnO
nanostructures, RSC Adv. 4 (77) (2014) 41099-41110, https://doi.org/10.1039/
C4RA04522].

P. Bindu, S. Thomas, Estimation of lattice strain in ZnO nanoparticles: X-ray peak
profile analysis, J. Theor. Appl. Phys. 8 (4) (2014) 123-134, https://doi.org/
10.1007/540094-014-0141-9/FIGURES/7.

A.R. Bushroa, R.G. Rahbari, H.H. Masjuki, M.R. Muhamad, Approximation of
crystallite size and microstrain via XRD line broadening analysis in TiSiN thin
films, Vacuum 86 (8) (2012) 1107-1112, https://doi.org/10.1016/J.
VACUUM.2011.10.011.

U.Z. Mohamad Zaidi, A.R. Bushroa, R.R. Ghahnavyeh, R. Mahmoodian, Crystallite
size and microstrain: XRD line broadening analysis of AgSiN thin films, Pigment


https://doi.org/10.1016/J.IJHYDENE.2019.05.117
https://doi.org/10.1016/J.IJHYDENE.2019.05.117
https://doi.org/10.1016/J.JELECHEM.2023.117579
https://doi.org/10.1016/J.JELECHEM.2023.117579
https://doi.org/10.1016/J.NANOEN.2021.105802
https://doi.org/10.1016/J.NANOEN.2021.105802
https://doi.org/10.1016/J.IJLEO.2019.163454
https://doi.org/10.1016/J.IJLEO.2019.163454
https://doi.org/10.1149/2.0051704JES/XML
https://doi.org/10.1149/2.0051704JES/XML
https://doi.org/10.1016/J.IJHYDENE.2011.01.087
https://doi.org/10.1016/j.tsf.2018.01.044
https://doi.org/10.1016/j.tsf.2018.01.044
https://doi.org/10.1016/j.colsurfa.2020.125307
https://doi.org/10.1021/CM000572I
https://doi.org/10.1021/CM000572I
https://doi.org/10.1016/S1872-2040(19)61211-9
https://doi.org/10.3390/NANO10061086
https://doi.org/10.3390/MA7042833
https://doi.org/10.3390/MA7042833
https://doi.org/10.1002/SMLL.201403625
https://doi.org/10.1002/SMLL.201403625
https://doi.org/10.1016/J.ORGEL.2017.07.047
https://doi.org/10.1016/J.IJHYDENE.2018.08.042
https://doi.org/10.1016/J.NANOEN.2018.10.043
https://doi.org/10.1039/C7NJ03424E
https://doi.org/10.1039/C7NJ03424E
https://doi.org/10.1039/D0NA00139B
https://doi.org/10.1016/j.tsf.2019.137678
https://doi.org/10.1016/j.tsf.2019.137678
https://doi.org/10.1021/ACSAMI.5B03921/SUPPL_FILE/AM5B03921_SI_001.PDF
https://doi.org/10.1021/ACSAMI.5B03921/SUPPL_FILE/AM5B03921_SI_001.PDF
https://doi.org/10.1016/J.JPCS.2017.03.001
https://doi.org/10.1021/JP077236A
https://doi.org/10.1016/J.IJHYDENE.2014.11.114
https://doi.org/10.1016/J.JECHEM.2022.03.015
https://doi.org/10.1039/c6ra24788a
https://doi.org/10.1039/c6ra24788a
https://doi.org/10.1016/J.APSUSC.2012.03.051
https://doi.org/10.3390/MA15010003/S1
https://doi.org/10.3390/MA15010003/S1
https://doi.org/10.4172/2157-7439.1000451
https://doi.org/10.3390/nano11092338
https://doi.org/10.3390/nano11092338
https://doi.org/10.1021/JP507496A/SUPPL_FILE/JP507496A_SI_001.PDF
https://doi.org/10.1021/JP507496A/SUPPL_FILE/JP507496A_SI_001.PDF
http://refhub.elsevier.com/S1319-6103(23)00154-0/h0170
http://refhub.elsevier.com/S1319-6103(23)00154-0/h0170
http://refhub.elsevier.com/S1319-6103(23)00154-0/h0170
https://doi.org/10.1039/C9DT01184F
https://doi.org/10.1039/C9DT01184F
https://doi.org/10.1016/J.MATLET.2018.07.017
https://doi.org/10.1016/J.MATLET.2018.07.017
https://doi.org/10.1016/J.MOLSTRUC.2020.129134
https://doi.org/10.1016/J.MOLSTRUC.2020.129134
https://doi.org/10.1007/S00339-023-06387-6
https://doi.org/10.1007/S00339-023-06387-6
https://doi.org/10.1016/J.OPTMAT.2023.113646
https://doi.org/10.1016/J.OPTMAT.2023.113646
https://doi.org/10.1016/J.NANOSO.2023.100967
https://doi.org/10.1016/J.CEJA.2023.100495
https://doi.org/10.1016/J.CEJA.2023.100495
https://doi.org/10.1016/J.SPMI.2013.02.010
https://doi.org/10.1016/J.SPMI.2013.02.010
https://doi.org/10.1016/J.JMST.2014.11.009
https://doi.org/10.1016/J.JMST.2014.11.009
https://doi.org/10.1007/S42243-019-00315-W
https://doi.org/10.1007/S42243-019-00315-W
https://doi.org/10.1016/J.JCRYSGRO.2017.04.018
https://doi.org/10.1016/J.MSSP.2012.09.016
https://doi.org/10.1039/C5RA02144H
https://doi.org/10.1039/C5RA02144H
https://doi.org/10.1039/C4RA04522J
https://doi.org/10.1039/C4RA04522J
https://doi.org/10.1007/S40094-014-0141-9/FIGURES/7
https://doi.org/10.1007/S40094-014-0141-9/FIGURES/7
https://doi.org/10.1016/J.VACUUM.2011.10.011
https://doi.org/10.1016/J.VACUUM.2011.10.011

M. Zayed et al.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Resin Technol. 48 (6) (2019) 473-480, https://doi.org/10.1108/PRT-03-2018-
0026.

G. Pineda-Hernandez, A. Escobedo-Morales, U. Pal, E. Chigo-Anota, Morphology
evolution of hydrothermally grown ZnO nanostructures on gallium doping and
their defect structures, Mater. Chem. Phys. 135 (2-3) (2012) 810-817, https://doi.
org/10.1016/J.MATCHEMPHYS.2012.05.062.

M.A. Awad, A.M. Ahmed, V.O. Khavrus, E.M.M. Ibrahim, Tuning the morphology
of ZnO nanostructure by in doping and the associated variation in electrical and
optical properties, Ceram. Int. 41 (8) (2015) 10116-10124, https://doi.org/
10.1016/J.CERAMINT.2015.04.108.

B. Cao, W. Cai, From ZnO nanorods to nanoplates: chemical bath deposition
growth and surface-related emissions, J. Phys. Chem. C 112 (3) (2007) 680-685,
https://doi.org/10.1021/JP076870L.

M. Breedon, C. Rix, K. Kalantar-zadeh, Seeded growth of ZnO nanorods from NaOH
solutions, Mater. Lett. 63 (2) (2009) 249-251, https://doi.org/10.1016/J.
MATLET.2008.10.001.

K. Safeen, et al., Tuning the optical properties of ZnO by Co and Gd doping for
water pollutant elimination, Water 15 (8) (2023) 1470, https://doi.org/10.3390/
W15081470.

J.Q. Wen, J.M. Zhang, Z.Q. Li, Structural and electronic properties of Y doped ZnO
with different Y concentration, Optik (stuttg) 156 (2018) 297-302, https://doi.
org/10.1016/J.1JLEO.2017.10.146.

F. Cao, et al., Rapid room-temperature synthesis and visible-light photocatalytic
properties of BiOI nanoflowers, J. Alloy. Compd. 639 (2015) 445-451, https://doi.
org/10.1016/J.JALLCOM.2015.03.185.

Z. Pan, et al., Investigation of optical and electronic properties in Al-Sn co-doped
ZnO thin films, Mater. Sci. Semicond. Process. 16 (3) (2013) 587-592, https://doi.
org/10.1016/J.MSSP.2012.06.020.

M.A. Basyooni, M. Shaban, A.M. El Sayed, Enhanced Gas Sensing Properties of
Spin-coated Na-doped ZnO Nanostructured Films, Sci. Rep. 7 (2017), https://doi.
org/10.1038/SREP41716.

S. Rajendran, M.M. Khan, F. Gracia, J. Qin, V.K. Gupta, S. Arumainathan, ce®*-ion-
induced visible-light photocatalytic degradation and electrochemical activity of
Zn0O/Ce0; nanocomposite, Sci. Rep. 6 (1) (2016) 1-11, https://doi.org/10.1038/
srep31641.

K. Vijayalakshmi, D. Sivaraj, Enhanced antibacterial activity of Cr doped ZnO
nanorods synthesized using microwave processing, RSC Adv. 5 (84) (2015)
68461-68469, https://doi.org/10.1039/C5RA13375K.

A.K. Ambedkar, et al., Structural, optical and thermoelectric properties of Al-doped
ZnO thin films prepared by spray pyrolysis, Surf. Interfaces 19 (2020), 100504,
https://doi.org/10.1016/J.SURFIN.2020.100504.

Z. Zafar, et al., Recent development in defects engineered photocatalysts: an
overview of the experimental and theoretical strategies, Energy Environ. Mater. 5
(1) (2022) 68-114, https://doi.org/10.1002/EEM2.12171.

Q. Chen, J. Li, X. Li, K. Huang, B. Zhou, W. Shangguan, Self-Biasing
photoelectrochemical cell for spontaneous overall water splitting under visible-
light illumination, ChemSusChem 6 (7) (2013) 1276-1281, https://doi.org/
10.1002/CSSC.201200936.

S. Thakur, S. Singh, B. Pal, Time-dependent growth of CaO nano flowers from egg
shells exhibit improved adsorption and catalytic activity, Adv. Powder Technol. 32
(9) (2021) 3288-3296, https://doi.org/10.1016/J.APT.2021.07.015.

11

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Journal of Saudi Chemical Society 27 (2023) 101750

B. Kharisov, A review for synthesis of nanoflowers, Recent Pat. Nanotechnol. 2 (3)
(2008) 190-200, https://doi.org/10.2174/187221008786369651.

M. Zayed, N. Nasser, M. Shaban, H. Alshaikh, H. Hamdy, A.M. Ahmed, Effect of
morphology and plasmonic on Au/ZnO films for efficient photoelectrochemical
water splitting, Nanomaterial 11 (9) (2021) 2338, https://doi.org/10.3390/
NANO11092338.

S.A. El-Gharbawy, et al., Fabrication and characterization of nanostructured rock
wool as a novel material for efficient water-splitting application, Nanomaterials 12
(13) (2022) 2169, https://doi.org/10.3390/NANO12132169/S1.

A. Kushwaha, M. Aslam, ZnS shielded ZnO nanowire photoanodes for efficient
water splitting, Electrochim. Acta 130 (2014) 222-231, https://doi.org/10.1016/j.
electacta.2014.03.008.

F.Q. Zhang, Y. Hu, R.N. Sun, H. Fu, K.Q. Peng, Gold-sensitized silicon/ZnO core/
shell nanowire array for solar water splitting, Front. Chem. 7 (APR) (2019),
413133, https://doi.org/10.3389/FCHEM.2019.00206/BIBTEX.

Y. Liu, et al., Synergistic effect of surface plasmonic particles and surface
passivation layer on ZnO nanorods array for improved photoelectrochemical water
splitting, Sci. Rep. 6 (1) (2016) 1-7, https://doi.org/10.1038/srep29907.

H. Chen, et al., Epitaxial growth of ZnO nanodisks with large exposed polar facets
on nanowire arrays for promoting photoelectrochemical water splitting, Small 10
(22) (2014) 4760-4769, https://doi.org/10.1002/SMLL.201401298.

C.H. Hsu, D.H. Chen, Photoresponse and stability improvement of ZnO nanorod
array thin film as a single layer of photoelectrode for photoelectrochemical water
splitting, Int. J. Hydrogen Energy 36 (24) (2011) 15538-15547, https://doi.org/
10.1016/J.1JHYDENE.2011.09.046.

J. Ji, et al., High density Si/ZnO core/shell nanowire arrays for
photoelectrochemical water splitting, J. Mater. Sci.: Mater. Electron. 24 (9) (2013)
3474-3480, https://doi.org/10.1007/510854-013-1272-5/FIGURES/4.

X. Liu, Q. Zhong, W. Guo, W. Zhang, Y. Ya, Y. Xia, Novel Platycladus
orientalis-shaped Fe-doped ZnO hierarchical nanoflower decorated with Ag
nanoparticles for photocatalytic application, J. Alloy. Compd. 880 (2021), 160501,
https://doi.org/10.1016/J.JALLCOM.2021.160501.

Y. Cherifi, A. Chaouchi, Y. Lorgoilloux, M. Rguiti, A. Kadri, C. Courtois, Electrical,
dielectric and photocatalytic properties of Fe-doped ZnO nanomaterials
synthesized by sol gel method, Process. Appl. Ceram. 10 (3) (2016) 125-135,
https://doi.org/10.2298/PAC1603125C.

M.C. Paganini, A. Giorgini, N.P.F. Gongalves, C. Gionco, A. Bianco Prevot, P. Calza,
New insight into zinc oxide doped with iron and its exploitation to pollutants
abatement, Catal. Today 328 (2019) 230-234, https://doi.org/10.1016/J.
CATTOD.2018.10.054.

S.Yi, J. Cui, S. Li, L. Zhang, D. Wang, Y. Lin, Enhanced visible-light photocatalytic
activity of Fe/ZnO for rhodamine B degradation and its photogenerated charge
transfer properties, Appl. Surf. Sci. 319 (1) (2014) 230-236, https://doi.org/
10.1016/J.APSUSC.2014.06.151.

M.M. Ba-Abbad, A.A.H. Kadhum, A.B. Mohamad, M.S. Takriff, K. Sopian, Visible
light photocatalytic activity of Fe>*-doped ZnO nanoparticle prepared via sol-gel
technique, Chemosphere 91 (11) (2013) 1604-1611, https://doi.org/10.1016/j.
chemosphere.2012.12.055.

S. Song, K. Wu, H. Wu, J. Guo, L. Zhang, Effect of Fe/Sn doping on the
photocatalytic performance of multi-shelled ZnO microspheres: experimental and
theoretical investigations, Dalt. Trans. 48 (35) (2019) 13260-13272, https://doi.
org/10.1039/C9DT02582K.


https://doi.org/10.1108/PRT-03-2018-0026
https://doi.org/10.1108/PRT-03-2018-0026
https://doi.org/10.1016/J.MATCHEMPHYS.2012.05.062
https://doi.org/10.1016/J.MATCHEMPHYS.2012.05.062
https://doi.org/10.1016/J.CERAMINT.2015.04.108
https://doi.org/10.1016/J.CERAMINT.2015.04.108
https://doi.org/10.1021/JP076870L
https://doi.org/10.1016/J.MATLET.2008.10.001
https://doi.org/10.1016/J.MATLET.2008.10.001
https://doi.org/10.3390/W15081470
https://doi.org/10.3390/W15081470
https://doi.org/10.1016/J.IJLEO.2017.10.146
https://doi.org/10.1016/J.IJLEO.2017.10.146
https://doi.org/10.1016/J.JALLCOM.2015.03.185
https://doi.org/10.1016/J.JALLCOM.2015.03.185
https://doi.org/10.1016/J.MSSP.2012.06.020
https://doi.org/10.1016/J.MSSP.2012.06.020
https://doi.org/10.1038/SREP41716
https://doi.org/10.1038/SREP41716
https://doi.org/10.1038/srep31641
https://doi.org/10.1038/srep31641
https://doi.org/10.1039/C5RA13375K
https://doi.org/10.1016/J.SURFIN.2020.100504
https://doi.org/10.1002/EEM2.12171
https://doi.org/10.1002/CSSC.201200936
https://doi.org/10.1002/CSSC.201200936
https://doi.org/10.1016/J.APT.2021.07.015
https://doi.org/10.2174/187221008786369651
https://doi.org/10.3390/NANO11092338
https://doi.org/10.3390/NANO11092338
https://doi.org/10.3390/NANO12132169/S1
https://doi.org/10.1016/j.electacta.2014.03.008
https://doi.org/10.1016/j.electacta.2014.03.008
https://doi.org/10.3389/FCHEM.2019.00206/BIBTEX
https://doi.org/10.1038/srep29907
https://doi.org/10.1002/SMLL.201401298
https://doi.org/10.1016/J.IJHYDENE.2011.09.046
https://doi.org/10.1016/J.IJHYDENE.2011.09.046
https://doi.org/10.1007/S10854-013-1272-5/FIGURES/4
https://doi.org/10.1016/J.JALLCOM.2021.160501
https://doi.org/10.2298/PAC1603125C
https://doi.org/10.1016/J.CATTOD.2018.10.054
https://doi.org/10.1016/J.CATTOD.2018.10.054
https://doi.org/10.1016/J.APSUSC.2014.06.151
https://doi.org/10.1016/J.APSUSC.2014.06.151
https://doi.org/10.1016/j.chemosphere.2012.12.055
https://doi.org/10.1016/j.chemosphere.2012.12.055
https://doi.org/10.1039/C9DT02582K
https://doi.org/10.1039/C9DT02582K

	Enhancing the hydrogen photo-production using zinc oxide films doped with iron, tin, and aluminum
	1 Introduction
	2 Experimental details
	2.1 Materials
	2.2 Preparation of ZnO thin films
	2.2.1 Preparation of ZnO seed layers by SILAR method
	2.2.2 ZnO thin film growth via CBD method

	2.3 Fe, Al, and Sn-doped ZnO films prepared by CBD method
	2.4 Materials characterizations
	2.5 Photoelectrochemical measurements

	3 Results and discussion
	3.1 Structure and morphology characterizations
	3.2 Optical characterization of the doped ZnO films
	3.3 Photoelectrochemical (PEC) characterisation
	3.4 Reproducibility, stability, and durability of Fe-ZnO photoelectrode
	3.5 Mechanism of the Fe-ZnO photo-performance

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


