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Synthesis of low-cost, eco-friendly, semiconducting solar-energy materials with excellent photocatalytic
activity [high surface area, good reactant adsorption, photon harnessing in the visible region, and low
charge recombination] for application in pollutant conversion to hydrogen is of great importance from
environmental remediation as well as green energy and fuel production perspectives. In the present
work, a magnetic heterojunction of CoMn,O4/MgFe,O4 and reduced graphene oxide (rGO) was
synthesized through a combined Hummers'/hydrothermal method. The obtained nanocomposite (rGO/
CoMn,04-MgFe,O,4) was employed for photocatalytic conversion of H,S feed into hydrogen fuel.
Adsorption studies in the feed solution proved a good capability for the photocatalyst to adsorb HS™
reactant from the reaction medium. This effect was ascribed to the presence of the CoMn,0O4 compo-
nent, serving as a strong bisulfide adsorbent. VSM (vibrating sample magnetometry) analysis revealed that
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the magnetic property of the photocatalyst was due to the MgFe,O, component. Photocatalytic investi-
gations showed that the addition of rGO to the CoMn,04/MgFe,O4 nanocomposite not only improves
DOI: 10.1039/d3ma00668a its reactant adsorption capacity, but also increases the photocatalyst surface area, enhances photon

absorption, and suppresses the charge (e/h) recombination, which eventually boosts the photocatalyst

Open Access Article. Published on 19 September 2023. Downloaded on 6/12/2026 8:06:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

Pollutant elimination and conversion into hydrogen fuel using
effective, affordable semiconducting energy materials is a green
and economic strategy towards environmental remediation and
sustainable supplying of the fuel/energy demand."™ One of the
most dangerous and toxic pollutants is H,S gas, generated on a
large scale during various natural and industrial processes.>”
Facing the H,S issue, the existing routes to solve the problem
are the use of adsorbents, thermal decomposition, electro-
chemical and photo-splitting, and burning in an oxygen
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activity to produce more hydrogen fuel (~1.5 times).

atmosphere (Claus process) with the aim of H,S elimination
and production of hydrogen, sulfur, or other value-added
materials.> ! Among these methods, the utilization of photons
(sunlight) and semiconducting photocatalyst materials is
an easy and economical way to convert this harmful pollutant
into hydrogen fuel, and has attracted the attention of many
researchers in recent years.”>™* In this regard, magnetic
adsorbing nanocomposite materials look ideal because, at the
end of the photoconversion process, the photocatalyst particles
can be easily collected and separated from the reaction
medium by using an appropriate magnet.’>™® Furthermore,
considering the factors such as: (1) the use of earth-abundant
elements and affordable eco-friendly chemicals, (2) the attempt
to reach a large surface area, strong absorption of photons,
low charge recombination, and appropriate energy levels, and
(3) the ability of the photocatalyst to adsorb reactant species,
are crucial in the design and synthesis of effective photocatalyst
materials for large-scale applications.’®?° To achieve these
goals, the rational synthesis of composite photocatalysts with
tailored physicochemical properties is an effective strategy.'*>"**

Regarding the semiconducting components of the nano-
composite photocatalyst synthesized in this work, it is worth
mentioning that CoMn,O, is a narrow-bandgap p-type

© 2023 The Author(s). Published by the Royal Society of Chemistry
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semiconductor, which has been widely used for the photocata-
Iytic degradation of organic pollutants.>*** Moreover, due to
the presence of Co and Mn, strong hydrogen sulfide adsorption
is anticipated for this material.'**>"*” The disadvantage of this
semiconductor is its high charge recombination, which can be
solved by making a composite with an n-type semiconductor.>*°
In the present study, MgFe,O, was used as a narrow-bandgap
n-type magnetic semiconductor. The photocatalytic application of
this material has also been reported in the literature for degrada-
tion of organic pollutants and water splitting as well.*>"

Since H,S photoconversion is a heterogeneous process and
the conversion does not occur until the reactant species adsorb
on the photocatalyst surface, the surface area plays a crucial
role in the photocatalytic activity.>**"** To increase the photo-
catalyst surface area and improve its sorption capability [photon
absorption/harnessing and reactant adsorption], reduced gra-
phene oxide (rGO) was employed and the ternary magnetic rGO/
CoMn,0,-MgFe,0, nanocomposite was synthesized for the first
time and applied as an efficient photocatalyst for the production
of hydrogen fuel using H,S feed.

2. Experimental section

2.1 Synthesis of GO, rGO, MgFe,0,, CoMn,0, and their
nanocomposites

Graphene oxide (GO) was synthesized through a Hummers’
method with some modifications.>*” For this purpose, 2 g
graphite powder (particle size: 0.4-1.2 um, purity: 99.9%; US
Research Nanomaterials, Inc.) and 4 g NaNO; (99%; Fluka)
were added to 100 mL of concentrated H,SO, (98%; Merck).
The obtained mixture was placed in an ice water bath inside a
laboratory hood and stirred for 30 min. Without removing the
reaction vessel from the bath, 4 g KMnO, (99%; Fluka) was
gradually (bit by bit) added to the reaction solution and stirred
for 4 h. The acidic viscous mixture obtained from the previous
step was slowly added to a solution containing 100 mL of
deionized water (DW) and 10 mL of H,0, (30%; Merck) and
stirred for 15 min. Then the precipitate obtained from this step
was filtered and washed with dilute HCI (0.1 M) and thereafter
rewashed several times with DW. At the end, the precipitate was
dried at 70 °C for 12 h.

To prepare reduced graphene oxide (rGO), a chemical
reduction method was applied.>®**" Accordingly, 100 uL of
hydrazine (a reducing agent; H¢N,O, 80%, Merck) was added
to 100 mL DW containing 0.3 g GO (synthesized in the previous
stage). The mixture was then refluxed with stirring for 8 h at
80 °C. Finally, the resulting precipitate was filtered and dried
after washing several times with DW.

For the synthesis of CoMn,0, and MgFe,0O, semiconductors, a
hydrothermal method was used.***® For CoMn,0,, 50 mL of an
aqueous solution containing 5 mmol of Co** (Co(NO3),-6H,0;
98%; Fluka) and 10 mmol of Mn?** (Mn(NO3),-4H,0; 98%; Fluka)
was first prepared. Then, 1 M NaOH was added dropwise with
stirring of the solution until pH 11 was reached. The obtained
mixture was subsequently transferred into a Teflon-lined stainless
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steel autoclave and heated at 180 °C for 8 h. At the end, after
washing several times with DW, the precipitate obtained was
dried at 80 °C for 8 h. For the synthesis of MgFe,0,, using a 50 mL
solution containing 5 mmol of Mg®" (Mn(NO;),-6H,0; 98%;
Fluka) and 6.6 mmol of Fe** (Fe(NOs);-9H,0; 98%; Fluka), the
same procedure was repeated.

The above hydrothermal route was also employed in the
synthesis of xCoMn,0,-yMgFe,0, nanocomposites with differ-
ent molar (x/y) ratios. For example, to synthesize the nano-
composite material with a 1:1 molar ratio (x/y = 1), 1.2 g
CoMn,0, (synthesized in the previous section) was ultrasoni-
cally dispersed in 50 mL DW for 15 min. Next, 5 mmol Mg>* and
10 mmol Fe** were added to the mixture, and the pH of the
medium was adjusted to 11 by adding NaOH solution (1 M)
drop by drop while stirring the mixture. The mixture was then
transferred into the autoclave and heated at 180 °C for 8 h.
At the end, the obtained composite precipitate was washed
several times with DW and dried at 80 °C for 8 h. To synthesize
the other composites with the molar ratios of x/y = 2/1, 1/2 and
1/3, the same procedure was employed and the initial amounts
of CoMn,0, were 2.4, 0.6, and 0.4 g, respectively.

For the preparation of the ternary rGO/CoMn,0,-MgFe,0,
nanocomposite (termed as rGO/Compos), the synthesis process
was conducted in the presence of 2 wt% rGO"’ for the hetero-
junction composite with the molar ratio of 0.5, which exhibited
the maximum performance (Fig. S1, ESIt). Therefore, for the
synthesis of the rGO/Compos, a 50 mL aqueous solution
containing rGO was first prepared and ultrasonically dispersed
for half an hour. Then, by adding 0.6 g CoMn,0,4, 5 mmol Mg>*
and 10 mmol Fe** to the mixture, the composite photocatalyst
was synthesized through the same hydrothermal method des-
cribed above. The photocatalyst preparation steps are depicted
in Fig. 1.

2.2 Material characterization

For characterization of the synthesized materials, we employed
various techniques including X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR), photoluminescence (PL) and diffuse reflectance (DR)
UV-Visible spectroscopies, vibrating sample magnetometry
(VSM), field emission scanning electron and high-resolution
transmission electron microscopies (FESEM and HRTEM), and
the Mott-Schottky method. XRD patterns, XPS, and VSM data
were obtained using a Philips X'Pert Pro X-ray diffractometer
(4 = 1.54 D; Cu Ka beam), a SPECS Phoibos 100 (1D-DLD)
analyzer (excitation: 1486.61 eV) and a vibrating sample mag-
netometer (Magnetic Daghigh Daneshpajouh Co.), respectively.
To record FTIR, PL, and DR UV-Vis spectra of the photocatalyst
materials, BRUKER Vector 22, Varian Cary Eclipse Fluorescence
(Zex = 350 nm) and 5E UV-Vis-NIR spectrophotometers were
utilized, respectively. The FESEM and HRTEM images of the
synthesized materials were taken using Tescan Mira3 and JEM-
2100 microscopes, respectively. Mott-Schottky diagrams were
recorded at 1 kHz using an Ivium-Vertex Potentio-Galvanostat
in a three-electrode setup [electrolyte: 0.5 M Na,S (pH = 11); the
working, counter, and reference electrodes were photocatalyst
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Fig. 1 Schematic representation of the photocatalyst preparation route.

film, Ptfoil (2.5 cm?), and Ag/AgCl (3 M), respectively; for
details of the approach, see ref. 6.

2.3 N, and bisulfide adsorption tests

Nitrogen adsorption-desorption isotherm and porosimetry
data were obtained at 77 K using a BELSORB-max (BEL, Japan)
instrument. In order to determine the capacity of the photo-
catalyst to sorb the reactant species (HS ; see Section 2.4), a
0.5 M Na,S solution was prepared, and its pH decreased to 11
by gradually adding a concentrated HCI to the medium [this
solution is equivalent to the H,S feed used for the conversion
process, ref. 19. The bisulfide adsorption tests were conducted
for the photocatalyst materials in the mentioned medium (solid
to liquid ratio: 4 g L™") at 25 °C in a sealed beaker under
magnetically stirring conditions. After a fixed solid-liquid con-
tact time (3 h), the photocatalyst powder was separated through
a vacuum filter using a Biichner funnel, followed by drying at
70 °C overnight. The amount of S adsorbed by the photocatalyst
(mass percent) was measured using a SC-144DR sulfur and
carbon analyzer. Each test was repeated at least twice and the
mean value was reported as final data.

2.4 Photoreactor setup and H,S conversion to hydrogen fuel

The photoreactor employed in this work was a handmade
vertical double-walled T-controlling cylindrical glass vessel
illuminated by xenon light with the intensity adjusted to 1
sun (100 mW cm ™ 2).***? The capacity of the reactor was 50 mL
and the reaction medium was an alkaline H,S-saturated feed at
pH = 11 (H,S + OH = HS  + H,0*"), containing 0.2 g
photocatalyst powder-suspended magnetically during the
process.’®”° The pH of the medium was set to 11, because at
this pH, bisulfide (HS™) is the dominant species and the
maximum performance (H, production) is achieved.*'® The
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Mg(NOs),

pH=11 180°C for 8 h

Washed (DW) and Dried

amount of hydrogen gas released during the photoconversion
process was measured every 10 min through a volumetric
method described in detail elsewhere.>*

3. Results and Discussion
3.1 Photocatalyst synthesis and characterization

The X-ray diffraction (XRD) patterns of graphite (G), graphene
oxide (GO), and reduced graphene oxide (rGO) are shown in
Fig. 2(a). The examination of this figure clearly indicates that
the peak around 27° is the characteristic (002) peak of
graphite,”>* whose intensity significantly decreases by exfolia-
tion/oxidation of graphene layers and production of GO. Also,
the appearance of a peak at ca. 13° is known as the character-
istic XRD peak of GO, which is not observed in the case of
G.>**> With the reduction of GO and synthesis of rGO, the
intensity of this peak decreases, and by contrast, the intensity
of the graphitic ones (peaks at 27 and 42°) is augmented. These
facts and the appearance of a new peak at ~77°, all indicate the
reduction of GO and successful synthesis of rGO.>*>°

In addition to XRD, the FTIR technique was used to further
corroborate the synthesis of GO and rGO; see Fig. 2(b). This
figure clearly shows that during the Hummers’ process and G
conversion (exfoliation/oxidation) to GO, the IR bands related
to O-H, C=0, C-OH and C-O functional groups emerged/are
strengthened.””*® With the reduction of GO, the intensity of the
mentioned peaks is reduced and the conversion of GO to rGO is
confirmed.””*® N, adsorption-desorption studies of GO and
rGO (Fig. S2, ESIf) showed a mesoporous structure (pore
diameter between 2 and 50 nm) for these materials. Further-
more, by the reduction of GO, its surface area of 8.98 m> g™ *
increased by about 14%.%%%°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns (a) and FTIR spectra (b) of the graphite (G), graphene oxide (GO; exfoliated graphite via Hummers' method) and reduced graphene

oxide (rGO) synthesized/employed in this work.

The XRD diagram of the composite photocatalysts is pre-
sented in Fig. 3. Examining this diagram shows that the XRD of
MgFe,0, and CoMn,0, are consistent with JCPDS 01-073-1960
and JCPDS 00-001-1126 respectively, indicating a spinel struc-
ture for the mentioned compounds.”®*"*> The presence of
these peaks in the composite photocatalyst proved their
synthesis.

In the XRD pattern of the rGO/Compos, in addition to the
peaks of the Compos, the presence of the characteristic peak of
rGO confirmed the successful synthesis of this composite
photocatalyst/solar-energy material. Furthermore, the careful
examination of the XRD diagram of rGO/Compos indicates that
during the hydrothermal synthesis, the remaining GO charac-
teristic peak (~13°; see Fig. 1(a) and 2) completely disappears.
Such a phenomenon has also been seen in other works, which
indicates the completion of the GO reduction-occurring during
the hydrothermal process.*>®® Regarding this fact of why the
reduction of GO becomes completed during the synthesis of
rGO/Compos, it can be briefly noted that under hydrothermal
conditions, the superheated water (SW) in the autoclave reactor

rGO/Compos
_ A POA Compos
;‘x L} l‘\_____ln\_,\-___p, . ______E:_()Mn204
>
G 1 i ) MgFe,0,
= n e e
] A
g w GO
H I JCPDS 01-073-1960 (MgFe204)
: JCPDS 00-001-1126 (CoMn204)
...1,....|‘:...= J.,=.1.5.=11§.l..=....
10 20 30 40 50 60 70 80
26 (degree)

Fig. 3 X-ray diffraction (XRD) patterns of the magnetic nanocomposite
solar-energy materials (Compos: CoMn,O4-MgFe,0O4, rGO/Compos:
rGO/CoMn,04—-MgFe,0O,4) along with their constituents (ie. CoMn,Oy,,
MgFe,O4, and rGO: reduced graphene oxide).

© 2023 The Author(s). Published by the Royal Society of Chemistry

(T =180 °C) serves as a supercritical reducing medium. Hence,
further de-oxygenation of GO occurs via the H'/OH ™ catalyzed
dehydration process,®*®” in which SW acts as an improved
electrolyte (H'/OH") [notice: since water autoionization, ie.
H,0 = H' + OH™ is an endothermic process, Ky increases
with temperature and more protons/hydroxides are generated
under supercritical/hydrothermal conditions]. In addition to
XRD, the presence of components and their constituent ele-
ments in the photocatalyst materials was confirmed by EDX
data (Table 1 and Fig. S3, ESIf). XPS investigations of the
composite photocatalyst verified the oxidation states of +2 for
Co and Mg, and +3 for Fe and Mn elements [Table 2 and Fig. $4,
ESI{].

In the XPS spectra of carbon (Fig. 4), the deconvoluted peaks
around 284.5, 286.4, and 287.8 eV are linked to C—C (dotted
line refers to the resonance between single and double bonds),
C-0, and C=0 bonds of rGO, respectively.”” With the synthesis
of rGO/Compos, the intensity of the C—0O peak (~287.8 eV)
decreases significantly and gets almost halved [see Fig. 4(a) and
(b) and compare the intensities]. This observation can be
attributed to the completion of rGO reduction occurring during
the hydrothermal synthesis of the rGO/Compos, which has
already been recognized by the disappearance of the XRD peak
at 20 = 13° (Fig. 3).

The magnetic behavior of the heterojunction nanocompo-
site photocatalyst synthesized in the absence and presence of
rGO is depicted in Fig. 5. Examining this figure indicates that
both photocatalysts are soft ferromagnets with a saturation/
spontaneous magnetization of 3.2 and 10 emu g~ ' for Compos

Table 1 Energy dispersive X-ray spectroscopic (EDX/EDS) data (wt%) of
the photocatalyst materials synthesized in this study

Photocatalyst Co Mn Mg Fe (0) C
CoMn,0, 20.57 4137 — — 38.06 —
MgFe,0, — — 12.02 50.16 37.82 —
Compos 8.70 17.03 7.18 29.86 37.23 —
rGO/Compos 8.14 15.62 6.50 29.09 38.83 1.82

Mater. Adv., 2023, 4, 5252-5262 | 5255
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Table 2 XPS results for the composite photocatalyst in the presence of
rGO

Atom Spectral line Binding energy” (eV) Oxidation state Ref.

Co  2psp 780.6 +2 68,69
2p12 796.4

Mn 2P3/2 641.6 +3 28
2p1s2 653.3

Mg 2ps2 49.5 +2 31
2p1 61.3

Fe 2D3n 712.5 +3 70,71
2p1 725.2

C 1s 284.5, 286.4, 287.8  +2, +1, 0 72,73

O 1s 529.4, 530.8, 531.6 -2 42,74-76

¢ Binding energies were corrected with respect to 284.8 eV (the adven-
titious C 1S peak).°®
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Fig. 4 XPS spectra of C (1s) recorded for (a) pristine rGO and (b) rGO/
Compos [the noisy and corresponding smooth curves represent raw and
enveloped data; for the survey spectra, see Fig. S4a and S5, ESI{].
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Fig. 5 Magnetic hysteresis loop of the heterojunction composite photo-
catalyst (Compos) in the absence (a) and presence of rGO (b).

and rGO/Compos materials, respectively.””””® 1t should be

noted that the magnetic property of the Compos material is
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due to the MgFe,0, component [magnetization: ~22 emu g~ ';
see Fig. S6, ESIt]. Furthermore, the incorporation of rGO into
the composite photocatalyst significantly enhances its mag-
netic properties. To the best of our knowledge, although no
specific reason was reported for the mentioned effect, it is
generally believed that rGO could facilitate electron hopping/
transfer’>®" in the composite network, improving the mag-
netic property of the rGO/Compos in comparison to that of
Compos alone.

Scanning electron micrographs of the composite photocata-
lyst in the absence and presence of rGO are shown in Fig. 6. It is
evident that in the presence of rGO (Fig. 6(c)), the morphology
of the photocatalyst (Fig. 6(a)) is changed and a hybrid/
combined structure (Fig. 6(b)) appears for the resulting rGO/
photocatalyst composite [for additional images and BET data of
the components, refer to the ESL Fig. S7, S8, and S2].

The layered morphology of rGO and the placement/deposi-
tion of the composite (Compos) nanoparticles on it were further
confirmed through HRTEM observations; see Fig. 7 [for the
images of CoMn,0, and MgFe,0,, refer to Fig. S9, ESI}].

The porous morphology recognized through microscopic
images for the composite photocatalyst was also verified via
N, adsorption/desorption analyses conducted in the absence
and presence of rGO (Fig. 8). A pore diameter of 39.8 nm was
obtained for Compos, which was reduced to 10.1 nm by
compositing the Compos photocatalyst with rGO. Furthermore,
the presence of rGO caused a three-fold increase in the surface
area of the resulting composite photocatalyst (Fig. 8, compare
the s values).

MIRA3 TESCAN SEM MAG: 10.0kx | Det: InBoam
WD: 539 mm BI: 7.00
View fleld: 20.7 ym

i
" (b)

SEM MAG: 10.00 kx. MIRA3 TESCAN|
WD: 5,00 mm

View field: 20.8 ym

SEMMAG: 10.00kx | Det: InBeam

1 |

WO: 558 mm 700 spm
View fled: 208 ym (c)

MIRA3 TESCAN|

Fig. 6 FESEM images of the magnetic nanocomposite photocatalyst
taken in the absence (a) and presence (b) of rGO (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 HRTEM images of the nanocomposite photocatalyst (Compos; a),
rGO (b), and rGO/Compos (c).

3.2 Determining factors on photocatalyst activity for effective
hydrogen fuel production using H,S feed

In addition to having a high surface area, an efficient photo-
catalyst material should be able to harness photons in the
visible region and exhibit low recombination between photo-
generated e/h pairs.>® Fig. 9 shows that the composite photo-
catalyst synthesized in this work can absorb photons in a wide
UV-Vis region and by compositing with rGO, not only the ability
of the photocatalyst to absorb incident light increases (Fig. 9(a))
but the extent of charge recombination (PL emission) is also
diminished (Fig. 9(b)). The good ability of the Compos to
harness photons can be attributed to the presence of MgFe,0,
and CoMn,0, semiconducting components, which serve as a
superior light absorber (SC ) ecs” +hyp™) and preventer of
charge recombination (ecy + /7y - null),® respectively. Con-
cerning rGO/Compos, it should also be noted that since rGO
is a good electronic (e/h) conductor,® the charge transfer can
be facilitated within the composite material, thereby improving

160
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Fig. 9 Diffuse reflectance (DR) UV-visible (a) and photoluminescence
(PL; b) spectra of the Compos and rGO/Compos photocatalyst/solar-
energy materials under consideration [for spectra of CoMn,O4 and
MgFe,O,, refer to the ESIT (Fig. S10)].

the charge separation and hence boosting the photocatalyst
activity.”” By utilizing the absorption data and Kubelka-Munk
approach,”® the band gap of the Compos photocatalyst was
determined to be around 1.5 eV (refer to Fig. S12, ESI{). More-
over, the incorporation of rGO and the synthesis of rGO/
Compos resulted in a reduced bandgap of ~1.2 eV, indicating
the enhanced ability of the photocatalyst/solar-energy material
to harness more photons.
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Fig. 8 Nitrogen adsorption—desorption (BET) isotherms of the composite photocatalyst (Compos) in the absence (a) and presence (b) of rGO (in these
diagrams, s and d stand for surface area (m? g~%) and mean pore diameter (nm), respectively).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2023, 4, 5252-5262 | 5257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00668a

Open Access Article. Published on 19 September 2023. Downloaded on 6/12/2026 8:06:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

The photocatalytic production of hydrogen gas using H,S
feed can be well rationalized taking into account that bisulfide—
the dominant species in the reaction medium-plays a crucial
role during the photo-transformation process. The reactant
species is initially adsorbed on the photocatalyst surface and
subsequently converted to hydrogen fuel through the following
reduction reaction:>"

2HS™ + 2ecy” — H,T + 28>~ (1)

Therefore, it is expected that a photocatalyst with higher
bisulfide adsorption capacity (BAC) and superior light absorp-
tion ability should produce more hydrogen gas. The mentioned
adsorption capacity was measured for the composite photo-
catalysts under consideration and the results are presented in
Table 3.

The data listed in Table 3 indicate that both composite
photocatalysts have a good ability to adsorb bisulfide anions.
By adding rGO and making rGO/Compos, the adsorption
capacity is improved and the production of more hydrogen
gas is anticipated. Table 3 also reveals that by adsorption of
bisulfide on the photocatalyst surface, the pH of the medium
increases. This fact can be rationalized in terms of the equili-
brium existing between sulfide and bisulfide species in the
alkaline reaction medium:"®

N Sag?>” + H,O = HS,q~ + OH,q~
HS,q~ + Surface = HS,4s~
S + H20 + Surface = HSpy + OHy~ &

Eqn (2) shows that by the adsorption of bisulfide (= its
removal from the aqueous solution), the equilibrium is shifted
to the right, ie. the production of more hydroxide anions
[Le Chatelier’s principle]. Therefore, the pH increase is justified.
Regarding bisulfide adsorption by the composite photocatalysts,
it should also be noted that between MgFe,O, and CoMn,0,
components, the latter is mainly responsible for the adsorption
of bisulfide anions on the photocatalyst material (Table S1,
ESIT). To rationalize the good capacity of CoMn,O, in bisulfide
adsorption, it should be noted that both metallic cations,
particularly Co** can strongly interact with sulfide species
(Ksp(CoS) < 4.0 x 107%!, Kgp(MnS) < 2.5 x 107'%¥ HS™ =
H' + §*7), providing a reason why Co/Mn-containing materials
could exhibit good adsorption.®*®

Among the photocatalyst materials synthesized in this work,
owing to the high surface area, strong absorption of photons
across a broad range of the UV-Vis. spectrum, low charge

Table 3 Ability of photocatalysts to adsorb bisulfide anions from the
reaction medium [initial pH: 11; data reported as mass percentage of sulfur
sorbed by the photocatalyst materiall

Photocatalyst S (Wt%) pH®
Compos 4.02 11.57
rGO/Compos 4.57 11.59

“ Measured at the end of the adsorption process.
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Fig. 10 Volume of hydrogen gas evolved photocatalytically as a function
of irradiation time (data recorded every 10 min under atmospheric
pressure at 298 K; the reaction chamber contained 0.2 g of photocatalyst
powder dispersed in a 50 mL H,S alkaline solution).

recombination, and good potency to adsorb the reactant spe-
cies, the composite rGO/Compos photocatalyst should exhibit
the highest H, release. Fig. 10 confirms this prediction, show-
ing that the maximum performance (hydrogen evolution) is
attained upon the mentioned photocatalyst material.
Specifically, the rGO/Compos yields approximately 120 mL of
H, gas after 3 hours of illumination, surpassing the Compos
photocatalyst by around 50%.

Fig. 10 also demonstrates that the lowest photocatalytic
activity is due to the CoMn,0, component. Concerning this
observation, we should clarify that despite its highest BAC,
CoMn,0, cannot serve as a good photocatalyst, because of its
poor photon absorption (harnessing incident light) and lowest
surface area (Fig. S10 and S8, ESIt). Regarding rGO/Compos,
which showed the highest gas release, it should finally be noted
that this recyclable composite photocatalyst/solar-energy mate-
rial has adequate photostability and the decline in its activity is
insignificant in long-term use (Fig. 11).

200 £

%.IHH il

Fig. 11 Volume of hydrogen gas evolved over the rGO/Compos photo-
catalyst for 3 successive runs/cycles. After each run, the photocatalyst was
collected and used in the subsequent test. Each run/cycle lasted 3 h and
the volume of gas was recorded every 10 minutes.
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Fig. 12 Conversion mechanism and production of hydrogen gas using a
bisulfide anion upon the rGO-based nanocomposite photocatalyst in the
H,S saturated alkaline medium (pH = 11) [see ref. 2, 13, 69 and 87, and
Fig. S11 and S12, ESI¥].

Concerning the mechanism of photocatalytic conversion of
bisulfide to hydrogen fuel and the role of semiconducting
components and rGO, we can briefly state that with the
formation of the Compos photocatalyst (CoMn,0,-MgFe,0,),
photoexcited electrons in the conduction band (CB) of the
p-type component (CoMn,0,) are transferred to the CB of the
n-type semiconductor (MgFe,0,), and consumed in the hydro-
gen production process (eqn (1)); see Fig. 12.

2HS™ + 2hyg' — S,>” + 2H" (3)

Therefore, with the formation of the pn composite (Compos),
the charge (e/h) separation is improved and the photogenerated
charges can hence be effectively consumed in the bisulfide redox
processes, resulting in a higher performance if compared to that
of components alone. The presence of rGO also significantly
enhanced the activity of the rGO/Compos photocatalyst (Fig. 10),
in terms of improving the absorption of incident light and
boosting charge transfer/separation®® (Fig. 9), increasing the
photocatalyst surface area (Fig. 8), and enhancing its adsorp-
tion capacity for the reactant species (Table 3).

4. Conclusion

In the present work, a magnetic bisulfide adsorbing nanocom-
posite of p-CoMn,0,4/n-MgFe,0, (Compos) and rGO (reduced
graphene oxide) was synthesized using a combined Hummers’/
hydrothermal method and eco-friendly affordable materials.
The synthesized nanocomposite was then applied for the
photocatalytic conversion of H,S hazmat to hydrogen fuel.
Based on this study, the following conclusions can be drawn:
e The photocatalytic activity of Compos is significantly
boosted by adding rGO, in terms of increasing the photocata-
lyst surface area, enhancing its ability to absorb more photons,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reducing charge recombination, and improving the adsorption
of the reactant (HS™) species.

e Bisulfide adsorption capacity investigations showed that
the Compos photocatalyst has a good potency to adsorb
the reactant species. Moreover, the presence of rGO further
enhances the adsorption ability of the photocatalyst. The good
adsorption capacity of the Compos photocatalyst is linked to
the presence of the CoMn,0, component.

e Both nanocomposite photocatalysts synthesized in this
work were magnetic; by adding rGO to the Compos and syn-
thesis of the rGO/Compos, the magnetic property of the result-
ing nanocomposite material was improved.

e Among different xCoMn,0,-yMgFe,0, [r (= x/y): 0, 0.33,
0.5, 1, 2 and o] composites, the maximum photocatalytic
activity (hydrogen production) was obtained for the composite
material with r = 0.5. In the presence of rGO, the activity of
Compos was promoted about 1.5 times.
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