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Introduction

Insights into the development and performance
of CuO/CuFe,S,0,4_, catalysts: an effective
approach for renewable hydrogen generationt

*3 Muhammad Jalil,> Muhammad Zeeshan Abid, (2@
© Shuxin Wang, €2 € Abdul Rauf® and

Ejaz Hussain,
Javeria Mansab,® Raed H. Althomali,
Khezina Rafig (2 *@

Hydrogen is an ideal alternative to fossil fuels owing to its renewable, carbon-free, high-energy-mass,
and sustainable nature. The aim of this study was to develop a cost-effective and sustainable approach
for green fuel (H,) production. To achieve this objective, CuO/CuFe,S,0O4_, catalysts were synthesized
and employed for photoreaction to generate hydrogen. For achieving progressive results, a hydro-
thermal approach was used to synthesize the catalysts. XRD analysis confirmed that sulphur doping
causes lattice strain through the incorporation of larger sulphur anions. SEM results revealed that sulphur
doping has reduced agglomeration to increase active sites for hydrogen evolution. Electrochemical and
photoluminescence studies demonstrated that presence of sulphur dopants and CuO promote charge
separation and transfer of photogenerated charges to the reaction sites and facilitate water reduction
reactions for H, production. Moreover, the CuO content improved the oxidation potential of
CuFe,S,0,4_ catalysts. EDX and XPS analyses verified the elemental compositions and oxidation states
of the catalysts, while VSM and EPR results confirmed the improved magnetic and electronic properties
that are expected to enhance the photocatalytic activity. Overall, CuO/CuFe,S,O4 s generated
7.45 mmol g~ h™! of hydrogen with an AQY of 2.45%, that was five times higher than pristine CuFe,Oy.
On the basis of results, it could be concluded that CuO/CuFe,S,04_ catalysts can potentially be utilized
for green fuel (H,) generation applications.

fuel resources are declining day by day. Thus, there is an urgent
need for sustainable alternatives that can not only meet the

Environmental pollution due to burning of fossil fuels has
become an important global issue. In the modern era, the
growth of industrialization has led to a significant increase in
harmful pollutants." The traditional sources of energies,
including petroleum, gas, and coal, that are commonly used
in industries, vehicles and airplanes, are major concerns owing
to their widespread usage across the world. It is worth mention-
ing that pollutants such as CO,, SO,, and NO, emitted from
these fossil fuels have been found to be carcinogenic and
harmful.>® Moreover, owing to the large consumption, fossil
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energy needs but also are environmentally friendly. For this
purpose, researchers are working to develop new catalysts that
can be efficiently used for the synthesis of green fuels (hydro-
gen) as alternatives. Hydrogen is one of the sustainable fuels
that can not only fulfil the energy demands but can also help
resolve environmental pollution.* Although there are differ-
ent ways to generate hydrogen, one of the most promising
approaches is the production of hydrogen via photocatalytic
reactions.”

Catalysts play a vital role in the photocatalytic water-splitting
reaction, and there are several materials that behave like
catalysts, but they are not stable or cost effective.”” Hence,
further study is needed to establish economical, environmentally
friendly, and stable catalysts that can overcome these challenges.
Numerous materials have been explored for this purpose, such
as metal oxides,® sulphides,® "' metal nanoparticles,'* metallic
and non-metallic materials,”> MXene-based materials,***”
gold-supported catalysts,'® vanadates,'” and transition metal
ferrites.'®> Among these materials, nanomaterials based on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transition metal ferrites exhibit desirable characteristics,
including large surface area, affordability, extraordinary stability,
and excellent catalytic features.'® These attributes make transi-
tion metal ferrites particularly appealing for photocatalytic
applications.

In the field of photocatalysis, various ferrites, including
spinel ferrites, have been widely investigated and utilized as
catalysts. Spinel ferrites belong to the class of compounds of
the type M**M,>"0,, and have attracted significant attention in
photocatalytic studies.?’ Their unique properties and composi-
tion make them highly suitable for catalytic applications.
Indeed, the general formula for spinel ferrites is MFe,O,4, where
M represents a divalent metal ion, such as zine, manganese,
nickel, copper, and others. The specific structure and alignment
of ferrites play a crucial role in their adsorption capabilities.”!
Factors such as their morphology and inherent crystal structure
directly impact their ability to adsorb substances.”” The diverse
characteristics of ferrites allow variations in their adsorption
properties, making them adaptable for various applications in
the field of photocatalysis.>® CuFe,0, is indeed a spinel-type
material that exhibits several desirable properties for the water-
splitting reaction. Its band gap is narrow, which enables it to be
active under solar light, enhancing its photochemical stability
and efﬁciency.24 Additionally, CuFe,0, is known for its cost-
effectiveness, adaptability, and non-toxicity, further adding
to its appeal as a catalyst for the water-splitting reaction.>®
Its combination of beneficial characteristics makes CuFe,O, an
attractive candidate for various applications related to the
photocatalysis and treatment of water resources. Several methods
have been reported for synthesizing microstructures of spinel
ferrites, including sol-gel, photo and electro deposition, solid-
state reaction, hydrothermal, and coprecipitation methods.>
Among these methods, the hydrothermal approach is favoured
due to its versatility, capacity to produce uniform structures,
and high purity of the synthesized materials.>” The hydro-
thermal method is particularly advantageous for its ability to
achieve versatility, uniformity, and purity in the resulting spinel
ferrite microstructures, making it the preferred choice for the
synthesis of catalysts.”®

Various techniques have been utilized to enhance the photo-
catalytic efficiencies of CuFe,O,, including the construction
of nanocomposites, the formation of Schottky barriers, and
doping with various elements.>® The selective incorporation of
metals play an important role in modifying the band structure,
resulting in the generation of quasi-stable energy levels.*
These strategies aim to enhance the overall performance of
CuFe,0, as a photocatalyst. Recent studies have focused on
introducing sulphur dopants into different materials, such as
2-C3N,, graphene sheets, and ZnO, to enhance their photo-
catalytic applications.’ The incorporation of sulphur dopants
leads to modifications in the electrical and photocatalytic
properties of these oxides.®” Several researchers have reported
that CuFe,0, can split water but with a lower AQY because its
oxidation potential is not favourable for water oxidation. For
water splitting, the oxidation potential must be greater than
1.23 eV, but CuFe,0,’s oxidation potential is 1.03 eV, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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does not favour water splitting.*® For this purpose, we intro-
duced CuO (oxidation potential of 2.25 eV) in CuFe,O, to helps
in the water oxidation. By incorporating sulphur dopants, it
becomes possible to tailor and improve the performance of
materials in various photocatalytic processes. CuO was also
present in very low amount and it enhances the oxidation
potential of CuO/CuFe,S,0,_, cocatalysts for the water-splitting
reaction.**?®

In order to harvest the benefits of S-dopants in conventional
ferrites, hydrothermal treatment was employed here to prepare
CuO/CuFe,S,0,_, photocatalysts. These catalysts were prepared
and utilized for H, production in the presence of sunlight. The
results clearly indicate that CuO/CuFe,S,O,_, had superior photo-
catalytic efficiency compared to pristine CuFe,O,.

Experimental

Chemicals

Copper nitrate (Sigma Aldrich CAS No 10031-43-3), iron nitrate
(Sigma Aldrich CAS No 7782-61-8), glucose (Sigma CAS No 50-
99-7), thiourea (Sigma CAS No 62-56-6), C,H;OH (Sigma CAS No
64-17-5), sodium hydroxide (Sigma CAS No 1310-73-2), and
deionized water were used for preparation of the catalysts.

Catalyst preparation

The synthesis of copper ferrites using the hydrothermal method
followed the following procedure: initially, solutions containing
0.2 M Cu(NOs),-5H,0 and 0.4 M Fe(NO;); were magnetically
agitated for a duration of 30 min. The preparation of the solutions
is described in the ESL{ Subsequently, 0.01 M glucose solution
was added to the above mixture, which was then left to stir for
22 h at a temperature of 50 °C. Once the mixture solution was
obtained, it was sonicated for 30 min at a sweep frequency of
approximately 37 kHz using a 300 W bath sonicator. The resulting
solution was transferred to an autoclave reactor and the tempera-
ture was maintained at 140 °C for a duration of 6 h. (Note: for the
synthesis of the CuO/CuFe,0, catalysts, 2% w/w CuO was also
added in the reaction mixture before starting the hydrothermal
reaction). After the completion of the reaction, the solution was
allowed to cool down and was then filtered using high-grade filter
paper. The precipitates were washed thoroughly with an ethanol-
water mixture and calcined at 400 °C, yielding 85% CuFe,O, and
83% CuFe,0,/CuO, respectively. For the synthesis of (CuO/
CuFe,S,0,4_,), 500 mg of CuFe,0, and 10 mg (2% w/w) of CuO
were transferred to a Teflon-lined autoclave reactor. For sulphur
incorporation, 1% (w/w) of sulphur contents sourced via thiourea
was mixed with CuFe,04, which was then placed back in the
autoclave for 6 h at 140 °C. After that, the CuO/CuFe,S,0,_,
catalysts were filtered, dried, and after calcination an 82% yield
was obtained.*®*” The synthesis scheme for the photocatalysts is
demonstrated in Fig. 1.

Characterization

Various analytical techniques were used to characterize the
CuO/CuFe,S,0,_, catalysts. Powder X-ray diffraction (PXRD)
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Fig. 1 Synthesis scheme for CuO/CuFe,S,O4_, catalysts.

analysis was conducted using a Philips-X Pertpro instrument
equipped with Cu ka radiation (2 = 1.5406 A). The surface
morphology of the synthesized catalysts was examined using
scanning electron microscopy (SEM) with a field emission
scanning electron microscopy system (FESEM, FEI-Nova Nano
SEM-450). The chemical composition analysis of the prepared
catalysts was performed using energy dispersive X-ray analysis
(EDX) employing a Horiba 7593 H instrument. A PARK NX10
instrument was used for AFM analysis of the catalysts. For
measurement of the optical properties, ultraviolet-vi-DRS ana-
lysis was conducted. Photoluminescence (PL) measurements
were performed on a Hitachi F-4600 fluorescence spectrometer.
The emission spectra were recorded in the range of 350-670 nm
with an excitation wavelength of 300 nm. Excitation and
emission slit widths of 5 nm were used. A catalyst amount of
10 mg was employed for all the measurements. A TG-209 F3
Tarsus instrument was used for the TGA analysis. FTIR and
Raman analyses were performed on Bruker and JASCO spectro-
meters, respectively. A PHOIBOS electron energy analyzer from
SPECS GmbH, with a Mg Ka electron source with a base
pressure of less than 1 x 10~°, was used for the XPS measure-
ments. A Tristar II (3020) BET analyzer was used to measure the
N, adsorption and desorption curves. VSM was performed on a
high field measurement system based on closed-cycle/cryogen-
free technology. The EPR studies were performed on a Bruker
Elexsys-II-E500-CW instrument.

Photocatalytic reactions

To assess the photocatalytic hydrogen-generation performances,
the synthesized catalysts were tested under visible-light irradiation
using a quartz reactor. A GC-TCD (Shimadzu-2010) system was
utilized to quantify the hydrogen. Visible-light irradiation was
provided by a 100 W halogen lamp emitting light with a
wavelength (1) greater than 400 nm. For each photoreaction,
the following conditions were utilized: 10 mg photocatalyst, pH

6574 | Mater. Adv,, 2024, 5, 6572-6585

8, 5% ethanol sacrificial reagent, and a duration of 6 h. During
the experiment, the light source was positioned 25 cm away
from the reaction mixture. The efficiency of the catalysts for
hydrogen generation was evaluated at regular time intervals.
The hydrogen-generation rate was measured in mmol g~ h™!
and mmol g~ "?® and the quantum efficiency was calculated by
the following formula.*”

mole of H, produced

number of photon absorbed x 100

Quantum efficiency =

Results and discussion

The synthesis procedure for the CuO/CuFe,S,0, , photo-
catalysts is illustrated in Fig. 1, and is comprehensively
explained in the “Experimental” section of this paper. For the
removal of impurities and for improving the crystallinity, the
as-synthesized products underwent a calcination process at a
temperature of 450 °C for a duration of 3 h. This calcination
step aimed to improve the structural properties and morpho-
logy of the photocatalysts to ensure their optimal performance
in subsequent photocatalytic applications.

X-Ray diffraction (XRD) analysis

The crystalline nature and phase purity of the synthesized
catalysts were analyzed by X-ray diffraction analysis. The XRD
patterns of the copper ferrite nanostructures are depicted in
Fig. 2(a). The observed diffraction peaks corresponded well to
the JCPDS card No. 77-0010. The characteristic positions of
the prepared product were observed at 18.34°, 30.17°, 35.54°,
43.19°% 53.59°, 57.13°, and 62.74°, corresponding to the Akl
values (111), (220), (311), (400), (422), (511), and (440),
respectively.*” Based on the XRD patterns, it was concluded
that the prepared material exhibited a cubic structure and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
CuO/CuFe;S,04_ photocatalysts.

Fe(m) and Cu(u) cations occupy the octahedral and tetrahedral
places, respectively. Upon sulphur doping, the main peak (311)
was significantly shifted to a lower angle, and the intensity of
diffraction peaks was also decreased. These obtained results
indicate that the sulphur had successfully replaced the oxygen
atoms in the CuFe,0, structure. No other crystalline phases,
such as Fe,03, iron sulphide, or copper sulphide, was observed,
confirming the purity of the product. However, there were a few
additional peaks near 65°, which could be attributed to the
presence of copper oxide (CuO).*" The sharpness of the peaks
in the XRD patterns suggested the highly crystalline nature
of the synthesized catalysts. The crystallite sizes of pristine
CuFe,0,, CuO/CuFe,O,, and CuO/CuFe,S,0,_, were deter-
mined to be 19.88, 20.41, and 21.31 nm, respectively, using
Debye-Scherrer’s formula. This formula allows estimation of
the average crystallite size based on the broadening of the XRD
peaks.*?

Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectra of CuFe,O4, CuO/CuFe,0,, and CuO/
CuFe,S,0,_, catalysts are depicted in Fig. 2(b). In the spectra,

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) X-Ray diffraction patterns and (b) FTIR spectra of CuFe,O4, CuO/CuFe,O4, and CuO/CuFe,S,04_,. () Raman spectra and (d) TGA plot of the

prominent vibrations could be observed at 531 and 437 cm ™,

corresponding to metal-oxygen (M-O) bond vibrations of the
tetrahedral sites (where M = Fe, Cu).*> A broad peak around
3480 cm ' was also observed, associated with the bending
vibration of hydroxyl groups, indicating the presence of moist-
ure on the surface of the catalyst.*>*> Upon sulphur doping,
vibrations related to metal-sulphur bonds could be observed at
approximately 500 cm™', although their intensity was lower
compared to the Fe-O and Cu-O vibrational bands. The vibrations
in the range of 1025-1035 ¢cm™ " were attributed to the C-N
stretching vibrations, likely due to the presence of thiourea.’®
The observed stretching vibrations were consistent with previous
studies on sulphur-doped materials.”” The FTIR spectra provide
valuable information regarding the bonding interactions and
chemical composition of the synthesized CuFe,O, and CuO/
CuFe,S,0,_, photocatalysts.

Raman analysis

Fig. 2(c) displays the Raman spectra of CuFe,0,, CuO/CuFe,0y,,
and CuO/CuFe,S,0,_,. Group theory analysis revealed the

presence of four Raman active modes, namely A, Eg, and

Mater. Adv., 2024, 5, 6572-6585 | 6575
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two T, modes, within the range of 200-800 cm™'.** The A,y
mode was observed at approximately 703 ¢cm ™', the E, mode
at around 271 em ', and the two T,, modes at approximately
480 and 551 cm™*. The observed frequencies were influenced
by the Fe(Cu)-O bond lengths.*® These frequencies are sensitive
to various factors, including phase transformation, lattice dis-
tortion, and cationic redistribution.’® In the case of sulphur-
doped copper ferrite, a slight shift of the E; mode towards a
lower wave number (from 271 to 275 cm™ ') was observed.
Additionally, lattice distortion was observed between the two
T,y modes (broadening of peak), which could be ascribed to the
presence of sulphur dopants rather than the oxygen content in

et | spot | HFW
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E— L —
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the catalysts. These Raman spectroscopy findings provide
insights into the structural modifications and vibrational
features induced by the introduction of sulphur dopants in
the CuFe,0, structure.’”

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed for the as-
synthesized CuO/CuFe,S,0,_, (uncalcined catalysts) to investi-
gate their thermal stability (Fig. 2(d)). The TGA measurements
were conducted in a nitrogen (N,) atmosphere, in the tempera-
ture range of 35-800 °C. The TGA results indicated there was a
weight loss of 1.6% up to 165 °C, which was due to the removal

Ee—— T —

10.00 kV | 5.5mm | 50000 | CN | TLD Nova Nano SEM - LUMS

3.0 | 4.14 ym

22 ry WD ag BB | mode t
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(a) and (b) SEM image of CuFe,QOy, (c) and (d) SEM images of CuO/CuFe,O4, and (e) EDX spectrum of CuFe,Og.
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of the moisture content in the catalysts and some solvent
impurities present on the catalysts’ surfaces.”> Additionally, a
further weight loss of 2.4% up to 220 °C was indicated,
corresponding to the decomposition of metal hydroxides.
Importantly, no significant loss in weight was experienced
when the temperature was enhanced to 800 °C, indicating
the excellent thermal stability of the CuO/CuFe,S,0,_, nano-
particles.>® This thermal stability is advantageous for their
potential application as a photocatalyst, as it ensures that
the catalysts can maintain their structural integrity and perfor-
mance under elevated temperatures.>*

Scanning electron microscopy (SEM) and EDX analyses

The morphologies of the pristine CuFe,O, and the as-
synthesized CuO/CuFe,S,0, , photocatalysts were examined
using a SEM (scanning electron microscopy) instrument
equipped with a TLD sensor. The SEM results of the pristine
CuFe,0, are shown in Fig. 3(a) and (b), whereas the results for
CuO/CuFe,0, are displayed in Fig. 3(c) and (d). The results
depict the agglomeration and irregular flake-like morphologies
of the particles. This agglomeration could be attributed to
attractive forces, such as magnetic dipole-dipole interactions.>®
On the other hand, the SEM images of the as-prepared CuO/
CuFe,S,0,_, catalysts are displayed in Fig. 4(a) and (b). The SEM
results clearly indicate that the introduction of sulphur doping led

mode | det HAW | - — 4 ym —
CN | TID |30 | 159ym Nova Nano SEM - LUMS

mag B
3 000 x

Fig. 4 (a) and (b) SEM images and (c) EDX spectrum of CuO/CuFe,S,O4_.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

to a more regular morphology of the catalysts, with reduced
agglomeration.’® This suggests an increase in the sponginess of
the compounds, and provides more active sites. The results
demonstrate that the incorporation of sulphur increases the
surface area of the catalysts, which contributes to the increased
efficiency of CuFe,0,.”” EDX analysis was also performed to
determine the composition of the catalysts and the dispersion
of elements in the pristine CuFe,O, and CuO/CuFe,S,04
photocatalysts. The EDX results of CuFe,O, and CuO/
CuFe,S,0,_, are shown in Fig. 3(e) and 4(c), respectively. From
the EDX analysis, it was confirmed that all the constituent
elements of the catalyst, i.e. Cu, Fe, S, and O, were present. The
compositions for the pristine CuFe,O, and CuO/CuFe,S,0, ,
photocatalysts are given in Tables S1 and S2 (ESIt), respectively.
The EDX results confirmed the purity of the photocatalysts and
the presence of sulphur dopants in the CuFe,0, structure.’®
These analyses validated the successful incorporation of sul-
phur into the CuFe,O, lattice.

AFM analysis

To investigate the surface properties of the catalysts at the
nanoscale, atomic force spectroscopy (AFM) analysis was per-
formed. AFM analysis provides important insights about the
topography, surface morphology, and other physical properties.
The AFM results of CuO/CuFe,S,0,_, catalysts are shown in

M
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Fig. 5. 2D and 3D images of the catalysts are shown in Fig. 5(a),
(b), (d) and (e), respectively, whereas Fig. 5(c) shows a histo-
gram representing the thickness of the photocatalyst. The
maximum surface thickness of the catalyst was 3.82 nm,
whereas the scan area for measurement of the catalysts was
2.83 x 2.49 um, respectively.

Ultraviolet-visible-diffuse reflectance spectroscopy analysis

The optical properties of the pristine CuFe,0,4, CuFe,S,0, ,,
CuO/CuFe,0,, and CuO/CuFe,S,0, , were examined using
UV-Vis-Diffuse reflectance spectroscopy (UV-Vis-DRS). This
technique is utilized for powdered samples due to its ability
to minimize scattering effects, unlike absorption spectroscopy
conducted on liquids.”® In Fig. 6(a), an absorption edge could
be observed, indicating an Urbach-like absorption tail in
the visible region.®® Pristine CuFe,0, displayed a maximum
absorption at approximately 688 nm, corresponding to an
optical bandgap (Eg) of 1.77 eV.°" The optical band gap repre-
sents the minimum energy required to promote an electron
from the valence band to the conduction band. The S-doping
resulted in a reduction of the bandgap energy by 0.3 eV.
Conversely, loading CuO over CuFe,0, caused a blue-shift in
the absorbance spectrum (Fig. 6(b)). Upon S-doping, a red-shift
in the visible-light absorption was observed; with an absor-
bance edge at 696 nm (E, = 1.82 eV). This red-shift suggests an
enhanced visible-light response, indicating that the sulphur
doping contributed to higher photocatalytic activities. The
increased visible-light absorption allows the catalyst to harvest
a broader range of wavelengths and utilize more photons for
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the photocatalytic process. Overall, the UV-Vis-DRS results
provide valuable insights into the optical properties of pristine
CuFe,0, and CuO/CuFe,S,0,_,, demonstrating the influence
of sulphur doping on their visible-light absorption and
potential photocatalytic performance. Relevant band gaps of
CuFe,0,, CuO/CuFe,0,, and CuO/CuFe,S,0,_, are shown in
Fig. 6(b).

Photoluminescence analysis

PL analysis of the synthesized CuFe,0,, CuO/CuFe,0,4, and
CuO/CuFe,S,0,_, photocatalysts was performed as it can pro-
vide important insights into the photogenerated charges (e”/
h*) recombination and their transfer to the active sites.®” In the
CuFe,0, results, three broad peaks were observed at wave-
lengths of 422, 467, and 554 nm, see Fig. 6(c). The blue
emission due to the presence of some defects in the catalysts
appeared at 468 nm. Similarly, the presence of defects (caused
by oxygen vacancies) could be observed by the peak at 553 nm.
The presence of CuO reduces the PL intensity, which indicated
the influences of cocatalyst on the charge separation. In the
case of CuO/CuFe,S,0, ,, the emission intensity was further
reduced, indicating the incorporation of sulphur also influ-
enced the photoluminescence properties. This decrease in PL
intensity suggests a low charge recombination and more trans-
fer of electrons to the active sites. In CuO/CuFe,S,0,_, the PL
emissions caused by oxygen vacancies were marginally shifted
to 549 nm, indicating the presence of new electronic levels. This
shift also implied that the recombination of charge carriers
(e7/h") was significantly reduced in the CuO/CuFe,S,04
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Fig. 5 Atomic force spectroscopy analysis. (a) and (b) 2D images, (c) height of the catalysts, (d) and (e) 3D images of the CuO/CuFe,S,O4_ catalysts.
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catalysts, leading to their improved photocatalytic performance.
The introduction of sulphur doping creates additional mid-gap
states within the band structure of the catalysts. These states act
as a charge-separating centres due to the presence of doped
sulphur atoms.*® It was evident that CuO/CuFe,S,0,_, exhibited
efficient charge-carrier separation and could show remarkable
performance for photocatalytic hydrogen generation.

BET analysis

The surface areas of the catalysts were determined by Brunauer-
Emmett-Teller (BET) analysis. Usually, catalysts with a large sur-
face area exhibit a high efficiency for photoreactions. The surface
area of pristine CuFe,0O, was 44.52 m? g’1 as calculated using the
Brunauer-Emmett-Teller theorem.*> When CuO was loaded on
CuFe,0,, the surface area increased to 48.68 m”> g~ ', as depicted
by the N, adsorption and desorption curves demonstrated in
Fig. 6(d). Furthermore, the S-doped CuO/CuFe,O, exhibited a
higher surface area of 110.4 m> g~ "

XPS analysis

XPS analysis was next performed to investigate the oxidation
state and chemical composition of the elements present in the
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Fig. 6
measured at 77 K.
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CuO/CuFe,S,0,_, photocatalysts.®® The XPS spectrum of
CuO/CuFe,S,0,_, indicated the presence of all the essential
elements (i.e. S, Cu, Fe, and O). The XPS results of Cu are
presented in Fig. 7(a), displaying two major peaks for Cu
at 934.5 and 954.7 eV corresponding to 2pz, and 2p,,,,
respectively, and with the binding energy of XPS indicating
that Cu was present in the +2 oxidation state. Fig. 7(b)
presents the XPS spectrum of Fe 2p, in which two major peaks
could be observed at 711 and 723.2 eV, ascribed to the 2p;,
and 2p,,,, respectively. These peaks indicate that Fe was
present in the +3 oxidation state, similar to the reported
literature. Some iron atoms also existed in the +2 oxidation
state due to the formation of FeO in CuFe,0,4, whose peak
appeared at 710.11 eV. Doped atoms of sulphur were also
investigated and major peaks of sulphur 2p;,, and 2p,,, were
observed at 160.99 and 162.21 eV, see Fig. 7(c). The XPS
spectrum displayed the O 1s peaks at 529.02, 530.98, and
532.08 eV (Fig. 7(d)). The confirmation of three distinct oxygen
binding energies through XPS analysis showed the presence
of three different oxygen environments, elucidating the
coexistence of CuO contents within our synthesized CuO/
CuFe,S,0,_, photocatalysts.®>°°
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(a) Ultraviolet-visible-diffuse reflectance spectroscopy plots, (b) Tauc plots, (c) PL analysis plots, and (d) BET N, adsorption—desorption isotherms
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Fig. 7 XPS analysis of CuO/CuFe,S,O4_4: (a) Cu 2p, (b) Fe 2p, (c) S 2p, and (d) O 1s.

VSM analysis

The magnetic properties of the catalysts were investigated
through vibrating-sample magnetometry (VSM) analysis by
studying their hysteresis loops (Fig. 8(a)). These magnetic
measurements offer valuable insights in to the saturated mag-
netic intensity (Mg), residual magnetic intensity (M,), coercivity
(H.), and squareness ratio. At 300 K, the CuO/CuFe,S,04
photocatalyst showed an M; value of 7.04 emu g’1 and M
value of 31.6 emu g~ ', as determined from the VSM plots.®*%”
Table S3 (ESIT) shows the magnetic parameters (Mg, M, H., and
squareness ratio) of the as-synthesized catalysts.

EPR analysis

The electronic characteristics of the as-synthesised catalysts at
room-temperature were determined by electron paramagnetic
resonance (EPR) (Fig. 8(b)). The as-synthesised catalysts
displayed EPR signals with a g-factor of 2.00, attributed to
the presence of unpaired electrons within their structures.
CuO/CuFe,SO,_, demonstrated an increased concentration of
unpaired electrons compared to CuO/CuFe,0, and CuFe,0,.%®

6580 | Mater. Adv., 2024, 5, 6572-6585

This increased concentration was attributed to structural altera-
tions induced by the presence of CuO and S-doping in CuFe,0,.
The electronic distribution within the CuO/CuFe,SO,_, structure
positively influences the separation and mobility of photoinduced
carriers.®’

Electrochemical studies

Electron impedance spectroscopy (EIS) and photocurrent ana-
lyses were performed to assess the electrochemical perfor-
mance of the catalysts. Photocurrent measurements were
taken for CuFe,O,, CuFeS,0,_,, CuO/CuFe,O,, and CuO/
CuFeS,0,_, during on/off light cycles. The results revealed that
CuFe,0, exhibited low charge-transfer and -separation abilities
compared to the CuO/CuFeS,0, , catalysts. Whereas, the
results presented in Fig. 8(a) revealed that sulphur dopants
and CuO significantly improved the charge-transfer and
-separation abilities.

EIS analyses were conducted to examine the charge-transfer
resistance. The results are shown in Fig. 8(b) and revealed that
the CuO/CuFeS,0,_, catalysts exhibited the smallest arc radius
compared to the other catalysts in the series. These results

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8

suggest that S-doping and the presence of CuO can effectively
reduce the charge-transfer resistance and enhance charge
transfer for photocatalytic H,-generation reactions.

Photocatalytic activities

Fig. 9(a) and (b) present the H,-evolution activities of the as-
synthesized photocatalysts in the presence of visible light and
a sacrificial reagent. For each photocatalytic experiment, the
total time was fixed and optimized for 6 h to test the activity of
the catalyst. In the absence of light and a photocatalyst, no
hydrogen was produced from the water in the photoreactor.
In the first experiment, pristine CuFe,O, was employed and it
produced a meagre amount of hydrogen, and these results
suggest that bare CuFe,O, is not a suitable photocatalyst for
H, production. In the second experiment, the S-doping slightly
increased the H,-evolution rate to 2.24 mmol ¢ * h™*. Whereas,
CuO/CuFe,0, produced 3.85 mmol g * h™* of H, compared to the
pristine CuFe,O,, which produced only 1.48 mmol g ' h™'.7°
Furthermore, the combined effect of S-doping and the CuO
content in CuO/CuFe,S,0,_, boosted the photocatalytic hydrogen
evolution activities to produce 7.45 mmol g ' h™" of H, (see

© 2024 The Author(s). Published by the Royal Society of Chemistry

(@) VSM hysteresis loops, (b) EPR results, (c) photocurrent, and (d) EIS results for the catalysts.

Fig. 9(a) and (b) and Table 1). The increase in the activity of the
photocatalyst for hydrogen production could be ascribed to the
CuO content and S-doping in the CuFe,O,. The CuO content
enhances the oxidation potential of semiconductors and S-doping
prevents the electron-hole charge recombination, due to which
the activity of the as-synthesized CuO/CuFe,S,0,_, photocatalyst
was increased.”' CuO/CuFe,S,0,_, exhibited higher activities in
the presence of sacrificial reagents. These sacrificial reagents
consume the holes created in the valence band of the semicon-
ductor and promote the transfer of electrons for hydrogen pro-
duction. It is important to distinguish whether the H, is coming
from water or the dehydrogenation of ethanol; for this purpose,
photocatalytic H, evolution in the presence of S>~/SO;>~ mixtures
was conducted, with the detailed presented in the ESIL{ see
Fig. S1. The reaction mechanism is depicted in eqn (S1)-(S6)
(ESIY). These results aligned and were consistent with the findings
observed in the presence of ethanol. The results recommend that
water was the main source of H, evolution, while the ethanol and
$>7/S05>~ only acted as hole scavengers.

The efficiency of the photocatalyst was also compared with
other reported ferrites and the as-prepared CuO/CuFe,S,0, ,

Mater. Adv., 2024, 5, 6572-6585 | 6581
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Fig. 9 H, evolution activities of the as-synthesised catalysts in (a) mmol g~* and (b) mmol g~ h™%.

Table 1 Comparison of the H, evolution and AQY of the as-synthesized
photocatalysts

H, evolution

Photocatalysts } mmol g ' h™* mmol g~ * AQY (%)
CuFe,04 1.48 8.88 0.48
CuFe,S, 04 2.24 13.48 0.73
CuO/CuFe,0, 3.85 23.14 1.26
CuO/CuFe,S,0,_, 7.45 44.73 2.45

Where ¥ = 10 mg amount of catalysts used for the experiment in a 30 mL
reaction mixture (5% ethanol) in the reactor having a volume of 150 mL
and reaction time of 6 h.

catalyst, see Table 2. This comparison allows the evaluation and
comparison of the effectiveness of different catalysts for the
evolution of hydrogen. Table 2 provides valuable insights into
the performance of different catalysts for hydrogen production.
It allows researchers to assess and compare the efficiency of
various catalysts in terms of their effectiveness for hydrogen
production. This information is important for selecting suita-
ble catalysts for effective photocatalytic hydrogen production.

Recyclability

The above results clearly demonstrate the higher photocatalytic
efficiency of CuO/CuFe,S,0, , nanostructures compared to
pristine CuFe,O,. The introduction of sulphur atoms in the
CuFe,0, structure creates additional active sites, improving
interactions with the water molecules.”” Furthermore, the
electronic structure of the catalysts was improved, leading to
avariation in the energy level and bandgap due to the doping of
sulphur atoms.”® These modifications enhance the charge

separation, resulting in efficient hydrogen generation. Addi-
tionally, the CuO/CuFe,S,0,_, photocatalysts possess good
magnetic properties; whereby an external magnet could be
used for the easy separation of the catalyst from the reaction
mixture. This method is simple, speedy, and more effective
than the conventional methods (i.e. centrifugation and filtra-
tion). The use of CuO/CuFe,S,0, , photocatalysts not only
enhances the photocatalytic efficiency but also removes the
danger of pollution and ensures their full utilization over
extended periods. Next, to evaluate the recyclability of CuO/
CuFe,S,0,_y, tests were conducted after thorough washing and
drying of the catalyst. The recyclability results for hydrogen
generation using CuO/CuFe,S,0,_, are presented in the Fig. S2
(ESIT). After 6 cycles, a slight decrease in the catalyst efficiency
was observed, which could be attributed to the loss of a small
amount of catalyst during the recovery process. Despite this
slight decrease, the CuO/CuFe,S,0, , photocatalysts demon-
strated promising recyclability, indicating their potential for
repeated use for photocatalytic applications.”

Mechanism

Catalysts with a suitable band gap can split water for efficient
hydrogen evolution. During photocatalytic reactions, oxidation
and reduction reactions take place simultaneously.”® In the
case of water-oxidation reactions, the oxidation potential of the
photocatalyst should be more positive than 1.23 eV. In compar-
ison, the oxidation of ethanol needs a potential of 0.084 eV
(vs. NHE).”® For the reduction reaction, the reduction poten-
tial should be more negative than the reduction potential of

Table 2 Comparison of photocatalytic H, evolution rates achieved by CuFe,O4 based catalysts reported in the literature

Catalysts Light source Catalyst amount Sacrificial reagent H, production Ref.
CuO/CuFe,S,0,4 Sunlight 10 mg 5% ethanol 7.45 mmol g* h™" This study
CuFe,0, Visible light 10 mg Oxalic acid 1.72 mmol g* h™* 72
CuFe,0,/MnO 7.5 mg Na,SO; 0.50 mmol g ' h™* 73
CuFe,0,/rGO 5 mg None 622 mL min ' g " 74

6582 | Mater. Adv, 2024, 5, 6572-6585 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Photocatalytic mechanism of the water-splitting reaction over CuO/CuFe,S,04_, photocatalysts.

hydrogen.®*® The oxidation potential of CuFe,0, is 1.03 eV,
which is not sufficient to split the water efficiently. The CuO
content present in CuFe,O, plays an important role here. CuO
has a high oxidation potential greater than the 1.23 eV and has
the ability to carry out the oxidation reaction. Furthermore,
sulphur atoms were doped to transfer the electrons towards
active sites for hydrogen generation, whereby the dopant atoms
also suppress the recombination of charges (e "/h"). Moreover, a
sacrificial reagent (C,HsOH) was also used to consume the
holes generated in the valence band, whereby the recombina-
tion of charges is reduced. These holes convert the organic
reagents into oxidized products (water and CO,).

When light falls on the photocatalytic reaction mixture, the
catalyst absorbs the light and generates charges (e /h").%
In the absence of light, no photoreaction occurred. Electrons
migrate towards the conduction band of the semiconductor,
where these electrons are utilized for the reduction reaction
and result in the generation of hydrogen,®* as shown in Fig. 10

CuO/CuFe;Sx04x+ hv —— (VB) h*+(CB)e™ (i)

Photocatalyst + H,O ———— H*+ OH™ AG°=237.2 ki mol™ {ii)

2e” + 2H* —_—9P H Ecg =0.0 eV (III)
2h* + C;HsOH — Oxidized products Eyg=0.084eV  (iv)
Photocatalyst + C;HsOH —» H, + Oxidized products (v)

Scheme 1 Hydrogen generation mechanism over CuO/CuFe;S,O4_x
with ethanol as a sacrificial agent.

© 2024 The Author(s). Published by the Royal Society of Chemistry

and Scheme 1. As the catalysts absorbs more light, then the
migration of electrons towards the conduction band increases
and produces more hydrogen.®® In the valence band, sacrificial
reagents quench the holes and in the oxidation process they are
converted into oxidized products.

Conclusion

The synthesis and characterization of CuFe,0,, CuO/CuFe,0,,
and CuO/CuFe,S,0,_, photocatalysts were successfully con-
ducted in this study. Various analytical techniques, such as
XRD, Raman, FT-IR, SEM, EDX, and TGA, were employed to
investigate the structural properties, compositions, and stabi-
lity of the synthesized catalysts. The results confirmed the
hydrothermal synthesis of crystalline CuFe,O, and the incor-
poration of sulphur into the lattices. The structural analyses
revealed that the introduction of sulphur doping induced
lattice strain and caused the replacement of oxygen with
sulphur anions within the lattice structures of CuFe,0,. SEM
analysis further supported the idea that sulphur doping
reduces the chances of agglomeration and enhanced the avail-
ability of active sites for hydrogen evolution. EDX analysis
has provided the direct evidence of sulphur in synthesized
CuO/CuFe,S,0,_, photocatalysts, confirming the successful S-
doping into CuFe,0, structures. The TGA results indicated the
thermal stability of S-CuFe,O, photocatalysts for practical
applications. PL studies assured that sulphur acted as an electron-
trapping centre, effectively suppressing charge recombination
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during the photocatalytic reaction. The low charge recombina-
tion indicated that sulphur doping contributed to improved
electron-hole separation and enhanced the photocatalytic per-
formance of CuO/CuFe,S,0, ,. The magnetic and electronic
properties of catalysts were investigated vie VSM and EPR
techniques. The hydrogen-evolution activities of CuFe,O, and
CuO/CuFe,S,0,_, were calibrated by the internal calibration
curve with GC-TCD system. Upon comparison of the photocata-
Iytic activities, it could be concluded that CuO/CuFe,S,0,
exhibited superior performances for H,-generation reactions.
The successful synthesis, characterization, and evaluation of
CuO/CuFe,S,0,_, highlight its potential for various applications
in photocatalysis and provide valuable insights for further
research in this field.
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