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The a-Fe2O3-MoS2 nanocomposite materials were synthesized using sol-gel technique and investigated
by using scanning electron microscopy (SEM), FTIR, X-ray diffraction, UV–vis and Raman analyses. In this
study, we used the conducting polymer electrode named polyhexylthiophene (RRPHTh) with nanodia-
mond (ND) nanomaterials abbreviated as ‘‘RRPHTh + ND”. The photocurrent, ‘‘electrode” & the ‘‘elec-
trolyte” interface of ‘‘a-Fe2O3-MoS200 and ”RRPHTh + ND‘‘ nanocomposite films were studied using the
electrochemical method. The developed MoS2-a-Fe2O-RRPHTh + ND nanocomposite films showed � 3
times higher current–density and energy conversion efficiency as compared to the parent ‘‘electrode”
in an electrolyte of 1 M of NaOH in ‘‘photoelectrochemical (PEC) cell”. Furthermore, improved hydrogen
release was observed for the Fe2O3-MoS2 and ”RRPHTh + ND‘‘ nanomaterials-based electrodes when com-
pared to aluminum doped Fe2O3, Fe2O3, and MoS2 doped-Fe2O3 films.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The world’s population is rapidly increasing, which raises the
world’s energy demands on a frequent basis. To date, world’s econ-
omy and modern-day life are highly dependent on fossil fuel
reserves such as coal, gas, and oil. These are the main and primary
world’s energy resources. A recent report showed that coal, oil, and
natural gas fulfilled around � 86 % of the total world’s energy
requirement by sharing 27%, 34%, and 25% respectively (Azam
et al., 2020; Zaman et al., 2020). However, it is the fact that these
traditional energy sources are diminishing with a rapid pace.
Therefore, to meet the energy demands of the globe, alternative
and long-lasting energy resources need to be discovered to avoid
energy crises. Another issue with these available conventional
energy resources is their carbon emission that is toxic for eco-
system. Renewable energy resources such as solar power,
biomass-derived energy, hydropower, fuel cell technology, and
tidal & wind power are the good sources of sustainable energy to
fulfil fast-growing world’s energy demand. In addition, energy har-
vesting using smart materials is gaining popularity (Alzaid et al.,
2021; Wheeler et al., 2012; Akram et al., 2018; Hussain et al.,
2017). Therefore, to balance the real-time electricity supply,
researchers are concentrating to investigate cost-effective, more
efficient, and consistent energy-storage systems.

In this scenario, conversion of solar energy to electrical energy
by utilizing the photoelectrochemical (PEC) cells (Wheeler et al.,
2012) has attracted the recent research trends. These cells have
various advantages like relatively cheaper thin film fabrication
process, reduced absorption losses, and significant reduction in
energy conversion efficiency as compared with the p-n junction-
based solar cells (Ram et al., 2011; Li et al., 2011; Sivula et al.,
2011; Ahn et al., 2015; Hiralal et al., 2011; Alrobei et al., 2017). Fur-
ther, the sol–gel synthesis technique is a simple method for devel-
oping nanomaterials (Adil et al., 2021; Ansari et al., 2019; Ansari
et al., 2021; Desai et al., 2020; Gherab et al., 2020; Shaik et al.,
2019).

Tailoring the band gap of the photocatalytic materials made
them suitable for use in photoelectrochemical (PEC) cell for water
splitting applications (Wheeler et al., 2012; Li et al., 2011; Sivula
et al., 2011; Ahn et al., 2015; Hiralal et al., 2011; Hisatomi et al.,
2014). Different lower band gap semiconductors such as WO3,
BiVO4, Ta3N5 and Fe2O3 are being used in PEC cell (Ahn et al.,
2015). Improved water-to-hydrogen conversion efficiency has

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2021.101692&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2021.101692
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:h.alrobei@psau.edu.sa
https://doi.org/10.1016/j.jksus.2021.101692
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


H. Alrobei Journal of King Saud University – Science 34 (2022) 101692
been achieved by using a relatively inexpensive, low bandgap,
abundantly available, nontoxic in nature and high chemically
stable material (a-Fe2O3) as an anode in the PEC cell (Ahn et al.,
2015). Despite these several advantages, a-Fe2O3 has some serious
shortcomings such as high resistivity, relatively shorter hole diffu-
sion length and photoexcitation lifetime with poor oxygen evolu-
tion reaction kinetics (Tamirat et al., 2016). Modification with
different metallic elements was found to be effective for the
enhancement of water splitting and photo-conversion capability
(Sartoretti et al., 2005; Kennedy et al., 1978; Shwarsctein et al.,
2008; Shwarsctein et al., 2009; Alrobei et al., 2017; Hu et al.,
2008; Saremi-Yarahmadi et al., 2009; Kay et al., 2006). It was found
that zinc and aluminum doped a-Fe2O3 materials showed
improved PEC properties (Alrobei et al., 2017).

Molybdenum disulfide (MoS2) is found to be one of the promis-
ing 2D- dichalcogenide material with a band gap value of 1.8–
1.9 eV (Ahn et al., 2015). Stimulating photocatalytic activity was
shown by MoS2 owing to its chemical composition and suitable
for several applications in photocatalytic devices (Li et al., 2011;
Xiang et al., 2012), phototransistors (Yin et al., 2011; Choi et al.,
2012; Lee et al., 2012; Miao et al., 2015) and sensors (Ahn et al.,
2015; He et al., 2012; Wu et al., 2012; Li et al., 2012). Furthermore,
MoS2 showed a very vital role to transfer charge by recombination
of electron-hole pairs that were created as a result of photo-energy
and correlate the rate of charge transfer among surface and elec-
trons generated in photo-conversion (Han et al., 2014).

Previously, MoS2-a-Fe2O3 was studied by using impedance and
cyclic voltammetry measurements to explore the electrolyte inter-
face, electrochemical electrode and photoelectrochemical proper-
ties. It was found that in the a-Fe2O3 nanomaterials, electron
transport properties were facilitated by doping 0.1%, 0.2%, 0.5%,
1%, 2% and 5% MoS2 particles and attaining a homogenous struc-
ture. In addition, for photoelectrochemical applications, nano-
hybrid RRPHTh along with another dopant (ZnO, TiO2, nanodia-
mond) were utilized by our group (Ram et al., 2011; Ram et al.,
2016).

RRPHTh-nanodiamond electrode was investigated by Ram et al.
and reported high photoelectrochemical conversion efficiency of
the order of magnitude greater than TiO2-RRPHTh and ZnO-
RRPHTh nanohybrid film (Ram et al., 2016). In the current work,
‘‘RRPHTh + ND” as a p-electrode and MoS2- a-Fe2O3 as a n-
electrode in liquid and solid-based ‘‘photoelectrochemical cells”
was investigated. In this regard, ‘‘RRPHTh + ND” based working
electrode and MoS2-a-Fe2O3 based counter electrode were used
to explore the photoelectrochemical properties. The chronoamper-
ometric studies were done with visible light radiations, simulated
for solar radiations as well as 60 W lamp to analyze and identify
the photoelectrochemical properties of PEC cell.
2. Materials and Method

2.1. Materials

Iron chloride (FeCl3), sodium hydroxide (NaOH), aluminum
chloride (AlCl3), MoS2, ammonium hydroxide (NH4OH) and poly
(3-Hexylthiophene) (Sigma-Aldrich) were used as a starting mate-
rial. The fluorine tin oxide (FTO-) coated glass having a resistance
value of � 10 O was used (Sigma-Aldrich).
Fig. 1. The schematic diagram of hydrogen production by using current material.
2.2. Synthesis of Nanomaterials

Sol-gel method was utilized to synthesize the ‘‘a-Fe2O3” and
‘‘MoS2- a-Fe2O3”. By using 500 ml round bottom flasks, different
FeCl3 (with AlCl3) concentrations were prepared. Then, in resulting
solution, NaOH was mixed and stirred by using a magnet. The
2

chemical reaction was carried out at 90–100 �C for 24hrs and then
the solution was cooled. After that, this material was separated via
centrifuge. The continuous cleaning was done by using water. The
obtained material (MoS2-a-Fe2O3) dried in furnace for one hr at
various temperatures; 25, 100, 200, 300, 400 and 500 �C. Subse-
quently, cooled material was stored in the bottle with tight lid
for different characterizations.

2.3. Film formation

The different concentrations of MoS2-a-Fe2O3 were developed
by blending it with ‘‘acetic acid” to achieve homogenous mixture
for film casting. Different MoS2-a-Fe2O3 compositions with 0.1%,
0.2%, 0.5%, 1%, 2% and 5% were grinded and then mixed with
10 ml of acetic acid and left for 10 hrs. After that, the films were
made by using this solution on silicon quartz and ‘‘fluorine tin oxi-
de”. Synthesized films were then cured at various temperatures;
ranging 300 to 500 �C for one hr. These films were cooled to
25 �C and utilized for SEM, X-ray diffraction (XRD), UV–vis and cyc-
lic voltammetry measurements.

2.4. RRPHTh + ND/NaOH/Fe2O3-ND based photoelectrochemical cell

‘‘50 mg” of RRPHTh was dissolved in ‘‘50 ml of chloroform” to
make conducting polymer solution. Then, ‘‘50 mg” of ND was dis-
solved to the solution and stirred for 24 hrs (Ram et al., 2011). The
‘‘RRPHTh + ND” film was synthesized by using solution casting and
‘‘spin coating techniques” on silicon (FTO coated glass) substrates.
Working electrode was made of silicon and FTO coated ‘‘RRPHTh +
ND”. Reference electrode was made of Ag/AgCl. Counter electrode
was made of MoS2-Fe2O3 in the photoelectrochemical cell.

The chronoamperometry and cyclic voltammetry measurement
were made by using 0.1 M and 1 M NaOH concentration. The effect
of MoS2 to a-Fe2O3 is schematically shown in Fig. 1.

3. Results and discussions

3.1. SEM

Field Emission Hitachi S800 SEM was utilized to study the
‘‘MoS2- a-Fe2O3, a-Fe2O”3 and ‘‘RRPHTh + ND” films microstruc-
tural properties. Electron dispersion spectroscopy (EDS) was used
to investigate the elemental analysis of the prepared films. Fig. 2



Fig. 2. Microstructural analysis of various studied materials.
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(a) displays the ‘‘SEM” micrographs of ‘‘a-Fe2O3” nanomaterials. A
well dispersed spherical shaped particles with size ranging from
‘‘100–300 nm” were observed. An increase in the particle size
was observed for ‘‘MoS2-a-Fe2O3” (see Fig. 2(b)). A relatively uni-
form, dense and sphere like particles were observed for the ‘‘a-
Fe2O3” and ‘‘MoS2- a-Fe2O3” films. The ND hybrid RRPHTh con-
ducting polymer showed the particle’s size ranging from ‘‘100 to
500 nm”. The well covered RRPHTh were relatively rough over
ND particles forming nano hybrid structure.
3.2. FTIR

Fe-O widening and twisting vibration mode for a-Fe2O3 nano-
material are linked to the infrared bands at 468 and 522 cm�1 as
shown in Fig. 3(a). FTIR spectra of a-Fe2O3 + 0.1% MoS2 is shown
in Fig. 3(b). The O–H stretching and in-plane bending vibrations
of a-Fe2O3 nanomaterial (Sahoo et al., 2010) are linked to IR bands
at 1389 and 1406 cm�1 as shown in Fig. 3(b). Furthermore, at 543
and 1629 cm�1, the IR bands named as OH� group that is in-plane
Fig. 3. FTIR pattern of vari
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bending vibrations and the presence of MoS2 (Sahoo et al., 2010)
causes cas Mo-S vibration. However, out of plane twisting vibra-
tions for cas Mo-O vibration caused the at bands at 638, 802, and
892, connected to OH� group. Stretching vibration of a-
Fe2O3 + 0.1% MoS2 (Sahoo et al., 2010) is shown by Fe-O existence.
FTIR spectra of ‘‘RRPHTh + ND” is displayed in Fig. 3(c) present var-
ious bands. The feature band of nano-diamond are the bands at
1739 cm�1. The existence of functional group in the nano-
diamond (Ram et al., 2011) causes the presence of 1687, 1129
and 630 cm�1 bands. Fig. 3(c) shows the RRPHTh characteristics
peaks (413, 475, 514, 758, 800, 852, 1000, 1058, 1092, 1260,
1300, 1390, 1446, 1497, 1635, 1687, and 1820) that is in good
agreement with previous work (Ram et al., 2011).
3.3. UV–Vis

Various nanomaterials absorption peaks like as; ‘‘a-Fe2O3”, a-
Fe2O3 + 0.1% MoS2, and ‘‘RRPHTh + ND” were concluded by using
an ‘‘UV–Vis spectrometer Jasco V-530”. ‘‘a-Fe2O3” film UV–vis
ous studied materials.



Fig. 4. UV–vis absorption pattern of various investigated materials.
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absorption spectra is shown in Fig. 4(a). The absorption band at
550 nm is in good agreement with previous work of (Alrobei
et al., 2017). Fig. 4(b) shows the characteristics absorption bands
at 372, 383, 405, 443, 476, 613 nm of a-Fe2O3 + 0.1% MoS2.
Fig. 4c shows the characteristics band at 411, 474, 502, 587, 696,
835 nm for ‘‘RRPHTh + ND” based film, similarly observed by
(Alrobei et al., 2017). The band gap of MoS2 fluctuates
between � 1.2–1.9 eV, while the band gap of ‘‘a-Fe2O3” is � 2.1 e
V. So, the band gap of ‘‘MoS2-a-Fe2O3” is evaluated in the range
of � 1.94 to � 2.4 eV, that fits in the visible light region, the sam-
ples conductivity is increased by MoS2 doping. Possibly photogen-
erated electron from the conduction band of MoS2 gets transmitted
to the conduction band of hematite, while the holes from hematite
are shifted to valence band of MoS2. This electron transmission
may result in enhancement of photocatalytic activity of ‘‘MoS2-a-
Fe2O3” composite. The phenomenon is schematically shown in
Fig. 5.
3.4. Photo-electrochemical properties of p-n junction based on MoS2-
a-Fe2O3 and RRPHTh + ND electrodes in photoelectrochemical cell

In the photoelectrochemical cells, the ‘‘MoS2-a-Fe2O3” as n-
electrode and ‘‘RRPHTh + ND” as p-electrode in liquid (1 M NaOH,
HCl) and solid (PVA-HCl or PVA-H3PO4 gel) electrolytes were ana-
lyzed. The chronoamperometry and cyclic voltammetry were
examined on the p-n junction based ‘‘photoelectrochemical cell”.
Fig. 5 indicates the water splitting process in ‘‘RRPHTh + ND” as
p and n-type ‘‘MoS2-Fe2O3” in 1 M water-based electrolyte ‘‘photo-
electrochemical cell” under a photoexcitation and under applied
electrical potential. In the photoelectrochemical cell, the NaOH
4

was used as electrolyte. 0.1 and 1 M concentration of NaOH-
based ‘‘electrolytes” were used to make the cyclic voltammetry
(CV) along with chronoamperometry measurement. In water, the
MoS2 modified a-Fe2O3 has band gap fluctuating from 2.5 to � 1.
94 eV. At electrode of ‘‘RRPHTh + ND”, the hydrogen gas was cre-
ated while oxygen (O2) was released at MoS2-a-Fe2O3 based
electrode.
3.5. Cyclic voltammetry study of MoS2-a-Fe2O3 and ‘‘RRPHTh + ND”
electrodes in photoelectrochemical cell

Fig. 6 shows the cyclic voltammetry (CV) pattern for ‘‘MoS2—
Fe2O3” and ‘‘RRPHTh + ND” based electrodes in 0.1 M NaOH solu-
tion with and without light. The photocurrent value is nearly twice
as high as it is without light, as demonstrated in the CV curves.
Though, at light below 2 V, the photocurrent swings 30 times
greater for n-type based electrodes containing 1 percent MoS2 —
Fe2O3 in p-type ‘‘RRPHTh + ND” with 1 M NaOH ‘‘electrolyte”.
3.6. Chronoamperometry MoS2-a-Fe2O3 and ‘‘RRPHTh + ND”
electrodes in photoelectrochemical cell

Fig. 7 shows the chronoamperometry results of ‘‘MoS2—Fe2O3”
and ‘‘RRPHTh + ND” in 0.1 M NaOH solution. The instantaneous
photoelectrochemical current in a device with 0.1 percent MoS2—
Fe2O3 as an n-type electrode and ‘‘RRPHTh + ND” as a p-type elec-
trode in a cell containing 0.1 M NaOH electrolyte was detected.
Under the light, the photocurrent is visible. However, the transient
current is immediately noticeable due to the combination of elec-
trons and holes, and the photocurrent in 0.1 percent MoS2—Fe2O3



Fig. 5. Schematic diagram of water splitting process by using developed material.

Fig. 6. Cyclic voltammetry findings of the developed material in PEC with and without light.
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as n-type and ‘‘RRPHTh + ND” as p-type electrode-based ‘‘elec-
trodes” in photoelectrochemical cells is diminished.

The chronoamperometry outcomes of various MoS2 ratios (0.1%,
0.2%, 1%, and 5% MoS2) in ‘‘a-Fe2O3” as n-type ‘‘electrode” and
‘‘RRPHTh + ND” as p-type ‘‘electrode” in a cell containing 0.1 M
NaOH electrolyte are shown in Fig. 8. For 1% MoS2-a-Fe2O3 based
n-type based ‘‘electrode” with ‘‘RRPHTh + ND” as p-type ‘‘elec-
trode” in a cell containing 0.1 M NaOH electrolyte, the ‘‘current
density” has been noticed to be greatest. For 1% MoS2-a-Fe2O3,
5

the photocurrent became stable after 2–3 sec. However, a gradual
decrease of photocurrent was observed for 0.1 and 0.2 % of MoS2-
a-Fe2O3 nanocomposites. On the other hand, due to accumulation
of MoS2 in a-Fe2O3 nanomaterial, 5% of MoS2 in a-Fe2O3 nanocom-
posites does not show higher photocurrent.

The chronoamperometry findings of various MoS2 ratios (i.e.,
0.1, 0.2, 1, and 5% of MoS2) in ‘‘a-Fe2O3” as n-type ‘‘electrode”
and ‘‘RRPHTh + ND” as p-type ‘‘electrode” in a cell containing
0.1 M NaOH ‘‘electrolyte” at a potential of ‘‘�2000 mV” is shown



Fig. 7. Current transient findings of the developed material in PEC with and without light.

Fig. 8. Current transient findings of the developed material in PEC with light switch on and off with applied potential of 1500 mV.
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in Fig. 9. The observed current density for 0.1 and 1% MoS2 -a-
Fe2O3 based n-type ‘‘electrode” was found to be highest. For 0.1%
MoS2 in MoS2-a-Fe2O3 nanocomposite material, relatively larger
current transient was observed. On the other hand, for 1% modified
MoS2-a-Fe2O3 nanocomposite film, a stable photocurrent was
observed after two to three (�2–3) sec. The chronoamperometry
findings expose that 1% modified MoS2-a-Fe2O3 nanocomposite is
appropriate to get higher photocurrent density.
6

4. Conclusions

The MoS2 -a-Fe2O3 electrode was produced and the photoelec-
trochemical properties were calculated. Films made of Fe2O3 and
MoS2-Fe2O3 exhibit a uniform and complex sphere of particles. 1
percent MoS2-Fe2O3 indicates stable photocurrent. In MoS2-Fe2O3

nanomaterials, the band at 53.23 has been linked to MoS2. The
photoelectrochemical photocurrent has been observed to be



Fig. 9. Current-transient findings of the developed material in PEC with light switch on and off with applied potential of 2000 mV.
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proportioned to the applied potential ranging from 0 to � 2 V.
According to chronoamperometry findings, 1% MoS2 modified ‘‘a-
Fe2O3 nanocomposites” can be appropriate to achieve higher pho-
tocurrent density. The p-n photoelectrochemical cell demonstrates
a stable photoelectrochemical cell that allows for the removal of
the photo-corrosion process, inhibits the outflow of solvent, and
has relatively low absorption of ‘‘light” owing to the electrolyte
thin layer.
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