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Abstract

Iron oxide nanoparticles (IONPs) are promising semiconductor photocatalysts driven under visible light owing to their lower
bandgap value compared with other metal-oxide nanoparticles (NPs). Owing to the lower cost, IONPs have been combined
with other NPs purposefully. In this study, ZnS was deposited on the three most common types of IONPs i.e., magnetite
(Fe;0,), hematite (a-Fe,0;3) and Goethite (a-FeOOH), targeting improvement in their photocatalytic response. Using a sim-
plistic wet-chemical approach i.e., pseudo-successive ionic layer adsorption and reaction (i.e., p-SILAR), resultant Fe;O,/
ZnS, a-FeOOH/ZnS, and a-Fe,05;/ZnS nanocomposites were developed those exhibited higher photocatalytic efficiencies
compared to corresponding IONPs. Rhodamine B (RhB) dye was used as a reference for comparative investigation of IONPs
without and with ZnS deposition, which revealed that all IONPs were beneficiated with ZnS deposition, however, Fe;0,
responded the most by resulting ~3 times higher increase (from 19.3 to 66.5%) in the photocatalytic degradation of RhB.
The final order of efficiency for nanocomposites remained as Fe;O0,/ZnS > a-FeOOH/ZnS > a-Fe,0,/ZnS nanocomposites.
Individual IONPs and their nanocomposites were explored using customary material characterization techniques and their
photocatalytic performance was explained in accordance with the qualitative and quantitative statistics using electrochemical
impedance spectroscopy (EIS) as well.
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1 Introduction

In this modern era, remediation and environmental protec-
tion are the key challenges faced by scientists in day-to-day
life. Scientific development followed by industrial advance-
ment has exhausted global warming, water contamination
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pounds which are non-biodegradable and are quite toxic,
thereby creating a massive threat to the environment [2].
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dyes are quite perilous for all living species, especially for
aquatic life.

Numerous physical and chemical treatments have been
established to degrade and remove dye molecules from
wastewater, which include techniques like chemical coagu-
lation, adsorption, filtration, chlorination, aerobic, photoca-
talysis and anaerobic biological treatment, etc. [6]. Among
all these reported treatments, photocatalytic degradation
techniques are the one which has attracted significant atten-
tion for the intoxication of pollutants both organic and inor-
ganic [7]. Photocatalytic degradation process is important
because of its competency as it completely converts the toxic
organic pollutants into less toxic or water and CO, and is a
low-temperature process, as well [8]. The tunable bandgap,
high surface area, appropriate morphology, constancy and
reusability of the catalyst used are striking features of the
photocatalytic system [9].

Iron oxide nanoparticles (IONPs) being magnetic have
vast applications like magnetic biosensing, magnetic reso-
nance imaging and targeted drug delivery [10—13]. IONPs
have also gained massive attention as a photocatalyst due to
their high efficiency, high photostability, non-toxicity, eco-
friendliness and low production cost [14]. Furthermore, the
iron oxides are magnetic due to which they can be conveni-
ently removed and separated from the solution upon applica-
tion of a magnetic field which is another benefit [15]. IONPs
have different compositions and crystal structures like
wustite (FeO), maghemite (y-Fe,03), hematite (a-Fe,05),
magnetite (Fe;0,) and Goethite (a-FeOOH). Another reason
for drawing attention is that these oxides absorb light in the
visible region, which is approximately 45% of the solar spec-
trum reaching the earth. Despite all these beneficial traits,
iron oxides have limited photocatalytic activity owing to the
fast recombination of its photogenerated charge carriers and
low separation efficiency [16].

Various strategies have been designed to deal with these
drawbacks and to improve the photocatalytic efficiency of
iron oxides; including doping [17], composite synthesis
with another semiconductor material [18] and morphol-
ogy controlled synthesis [19], as recommended by numer-
ous researchers. Developing semiconductors such that they
have different energy levels is considered best for decreasing
the recombination rate of photo-induced charge carriers and
improving the charge separation [18]. For instance, Zhang
et al. synthesized Fe;0,/TiO,/Ag nanocomposite based on
three components for photo-degradation of MB dye under
ultraviolet—visible (UV—-Vis) radiations using facile chemi-
cal deposition route [20]. Their results illustrated that the
photocatalytic efficiency of synthesized Fe;0,/TiO,/Ag
nanocomposites reached 90%, which was much higher as
compared to that of pristine Fe;0, or TiO,. Improved pho-
tocatalytic efficiency was attributed to synergetic effects of
reduced recombination rate and enhanced light absorption.
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Similarly, Kang et al. prepared a hierarchical heterostructure
of SnO,/Fe,0; having morphology like necklace through
chemical vapor deposition technique [21]. This heterostruc-
ture efficiently degraded MB dye under visible light owing
to hetero-interface which has improved electron/hole sepa-
ration efficiency. In another study, Zhu et al. synthesized
hierarchical heterostructures of a-FeOOH nanostructures
on TiO, nanofibers by a facile hydrothermal method. The
as-prepared hierarchical heterostructures retain high surface
area for dye adsorption, photocatalytic activity in visible
light and efficient charge carrier separation [22]. With the
evolution of successive ionic layer adsorption and reaction
(SILAR) method, it has become pretty easier to combine
effectual nanomaterials for improvement in their visible light
absorbance [23], or electron—hole transfer and/or stability
[24]. Being an efficient passivation layer used in quantum-
dot-sensitized solar cells [25], ZnS deposited by SILAR and/
or pseudo-SILAR [39] (i.e., p-SILAR process which is a
customized SILAR process applied on NPs) offers a good
control on detrimental charge recombination inside NPs. In
this context, there are no reports regarding the secondary
deposition of ZnS on various IONPs and their concomitant
results based on comparative photocatalytic performance.
i.e., Fe;0,4, a-Fe,05 and a-FeOOH.

Herein, we first compared the photocatalytic proper-
ties of magnetite (Fe;0,), hematite (a-Fe,05), and goe-
thite (a-FeOOH) NPs and then strategically improved their
performance by depositing ZnS on them which resulted in
increased efficiency for all the heterostructures i.e., Fe;0,/
ZnS, o-Fe,05/ZnS and a-FeOOH/ZnS. Detailed characteri-
zations were performed to study the photocatalytic proper-
ties of as-procured IONPs and the synthesized nanocompos-
ites using Rhodamine B (RhB) dye as the targeted pollutant.
It was found that Fe;0,/ZnS nanocomposite showed 66.4%,
a-Fe,03/Zn/S nanocomposite showed 52.2% and a-FeOOH/
ZnS nanocomposite showed 61.4% better performance as
compared to the pristine IONPs.

2 Experimental
2.1 Iron oxide nanoparticles (IONPs)

High purity IONPs having different compositions of Fe;O,,
a-Fe,0; and a-FeOOH were acquired from a local dis-
tributor (DS Enterprises, Lahore, Pakistan) of YIPIN Pig-
ments, Germany, having a specification of black oxide
(Detech 4330), red oxide (S-130) and yellow oxide S-313,
respectively.
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2.2 Deposition of ZnS

To deposit ZnS over IONPs via p-SILAR process [26], we
prepared 0.2 M cationic and anionic solution using zinc
nitrate and sodium sulfide salts in methanol and deionized
(DI) water. 0.1 g of Fe;O,4 nanoparticles were taken in centri-
fuge tubes of 50 ml and 20 ml of Zn* precursor solution was
poured in the same centrifuge tube. Stirring was done for
1 min to uniformly disperse particles in the solution and then
the obtained mixture was centrifuged at 4000 rpm for 4 min.
Upon the completion of centrifuging, the excess liquid was
decanted from the tubes in empty beakers. Rinsing was then
done with 20 ml methanol and tubes were centrifuged as
per the above-given centrifugal conditions to rinse off the
loosely attached cations from our base powder. Methanol
was then disposed of upon the completion of this step and
then 20 ml of S?~ precursor solution was introduced in the
tubes. The tubes were then centrifuged as per previous con-
ditions so that S*~ ions react with already adsorbed cations
on the base powder surface and as a result of this reaction
we get a layer of ZnS on the surface of Fe;0,. After the
completion of centrifuging, the solution was decanted in a
beaker, and again washing was done with methanol. As the
cycle completes with this step, eight cycles were repeated
as reported by Khan et al. [27], they deposited ZnS on ZnO
nanoflowers and reported optimal deposition at 08 number
of cycles. Since our purpose was to obtain the same dep-
osition and compare the effects of deposition so we used
reported cycles from the literature. The same process was
then repeated for a-Fe,O; and a-FeOOH nanoparticles as
well to achieve the deposition of ZnS. The whole process of

p-SILAR has been summarized in the schematic diagram,
as shown in Fig. 1.

2.3 Characterization

Morphology and topography of the samples were ana-
lyzed using field emission-scanning electron microscope
(FE-SEM, MIRA3 TESCAN). Compositional analysis
and elemental area mapping were performed using energy-
dispersive x-ray spectroscopy (EDX) of Oxford detector,
equipped with the same SEM. Particle sizes were determined
using a laser diffraction particle size analyzer (MASTER-
SIZER Malvern). Phase identification was performed using
x-ray diffraction (GNR-EXPLORER) and the functional
groups were identified by performing Fourier transform
infrared spectroscopy (iS50 FTIR spectrometer, Thermo
Scientific). UV—-visible spectrophotometer JENWAY-7315)
was used to determine the light-harvesting capability of
IONPs and their nanocomposites with ZnS. The electro-
chemical behaviors of pristine IONPs and synthesized nano-
composites were studied through electrochemical impedance
spectroscopy (EIS) on a biologic VSP electrochemical work-
station. A three-electrode system having platinum (coun-
ter electrode; CE), Ag/AgCl as a reference electrode and a
glassy carbon disk of 3 mm diameter as a working electrode
in 0.6 M KOH electrolyte solution were used to carry out an
electrochemical study as described by Little et al. [28]. The
working electrode was prepared by making a homogeneous
solution of catalyst in 5 ml of methanol followed by the addi-
tion of 10 pl of Nafion (binder) which was then sonicated
for 30 min. A glassy carbon electrode was then taken and
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Fig. 1 Schematic diagram for the production of ZnS sensitized iron oxide nanocomposites, showing one cycle of p-SILAR process
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the prepared mixture was drop casted on it which was then
simply dried in an oven.

2.4 Evaluating photocatalytic activity

The photocatalytic activity of pristine IONPs and synthe-
sized nanocomposites was determined by degradation of
Rhodamine B (RhB) dye under visible light irradiations.
Dye solution of 50 ml was taken and 20 mg of each pho-
tocatalyst was dispersed into it [29] and the pH value of
solution was maintained at 4. A magnetic stirrer was used
for the efficient mixing of solutions for around 10 min under
dark conditions. Then we exposed our suspensions to vis-
ible light using a Xenon arc lamp coupled with a UV cut-off
filter. We took 4 ml of the sample after a regular interval of
10 min to 100 min each to analyze the reaction process by
determining the light absorption of all samples by using a
UV-visible spectrophotometer. Finally, the dye degradation
rate was calculated using the following expression;

C
Degradation Rate (%) = <1 - C_t> x 100 (1)
o

whereas C, refers to initial and C, refers to the concentra-
tions of dye at time “¢”.

3 Results and discussion

FE-SEM analysis was performed to study the morphological
features of IONPs before deposition of ZnS. Micrographs as
illustrated in Fig. 2a—c clearly show that Fe;0, and a-Fe,O;
possess nearly spherical shapes [30] with trivial agglomera-
tion, while, a-FeOOH possess rod like morphology [31].
Particle size analysis was also performed and results are
shown in Fig. 2d—e. It was found that for Fe;O, and a-Fe,O5
more than 50% of particles showed sizes below 100 nm and
the size above nanometer range was associated with the
agglomeration as shown in SEM images. For a-FeOOH the
size varied from 20 to 400 nm as shown in Fig. 2f, the vari-
ation in size was attributed to its rod-like shape [31], which
might have given different size values with respect to its
orientation, which may have created spread in the graph.
Elemental composition of the purchased nanoparticles was
analyzed in EDS, which showed peaks of only Fe and O
establishing the absence of impurities as shown in Fig. S1.
During FE-SEM analysis of synthesized nanocomposites,
no significant difference was observed in the morphology
and size of synthesized nanocomposites after the deposition
as shown in Fig. S2(a—c). This may be due to the smaller
size or quantity of ZnS that is difficult to characterize and
scan through FE-SEM. Similar depositions of metal chal-
cogenides have been revealed using transmission electron
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Fig.2 FESEM images and particle size analysis of purchased a, d Fe;O,, b, e a-Fe,0; and ¢, f a-FeOOH nanoparticles, at 100kx magnification.
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microscopy by Khan et al. (i.e., CdS over ZnO nanostruc-
tures) [26] and Abbas et al. (i.e., PbS QDs on macroporous
TiO,) [32], however, other authors have occasionally repre-
sented the similar low-scale deposition of metal sulfides [27]
using SEM-EDS-based elemental area mapping. Although
it is not equally effectual, but good enough to have a com-
parative elucidation of depositions and their contrasting
role for photoactivities, etc. However, uniform deposition
of ZnS over the entire surface of all three iron oxides was
confirmed EDS mapping, as shown in Fig. S2(d—f) where
the Fe, O, Zn and S elements were homogeneously dispersed
over the complete profile, affirming successful deposition of
ZnS. Deposition of ZnS over IONPs was further confirmed
by performing EDS, results in Fig. S3 showed peaks of Zn
and S along with Fe and O confirming the deposition of
ZnS [27]. XRD patterns of Fe;0,, a-Fe,0; and a-FeOOH
nanoparticles shown in Fig. 3a and the peaks obtained were
in good agreement with those of standard cards; magnetite
pattern (JCPDS: 89-0691) [33], a-Fe,O5 pattern (JCPDS
card number 33-0664) [34] and goethite pattern (JCPDS
card number 29-0713) [35]. Furthermore, the absence of
any other strong peak corroborated the purity level of these
IONPs. Debye—Scherrer equation [36] was used to estimate
the average crystallite size of Fe;0,, a-Fe,0; and a-FeOOH
nanoparticles which were found to be 64.7 nm, 45 nm and
62.1 nm, respectively. Percentage crystallinity was found
to be 64.26%, 66.76% and 60.39% for Fe;0,, a-Fe,0; and
a-FeOOH nanoparticles, respectively, as shown in Fig. 3b.

XRD analysis of Fe;0,/ZnS nanocomposite showed an
additional peak at 55.3° corresponding to the plane (200)
of ZnS, a-Fe,05/ZnS nanocomposite showed additional
peaks at 56.5° and 57.4° corresponding to the plane (112)
and (201) of ZnS and a-FeOOH/ZnS nanocomposite showed
additional peaks at 28.3°, 47.3° and 55.3° corresponding to
the plane (002), (110) and (200) of ZnS (JCPDS number
79-2204). The XRD results confirm the successful deposi-
tion of ZnS as shown in Fig. 3c. Weight ratios of Zn/Fe
and S/Fe were calculated for all three nanocomposites using
values obtained through EDS analysis as shown in Fig. 3d,
so that the relative deposition is accessed. Moiz et al. [26]
have recently established that despite similar deposition
conditions, the morphology of NPs significantly affects the
amount of deposition of CdS on ZnO by p-SILAR. There-
fore, it is quite as per expectation that Zn/Fe and S/Fe value
was maximum for a-FeOOH which had rod like structure,
the reason for this trend was attributed to its shape as it
may have maximum surface area or it may have crystal-
lographic planes favorable for deposition or are relatively
more active. It could have been much more revealing to com-
pare the transmission electron microscopic contrast however
covering the major scope of the issue we added results for
optimal a-Fe,05/ZnS here (Fig. S4). A well spread network
of ZnS particles over the base Fe,0; was observed that was
credited to the presence of tiny ZnS particles throughout the
matrix [24] and was equally indicated by the EDS-based area
mapping of a-Fe,05/ZnS. Moreover, about 0.33 nm distant

Fig.3 a XRD patterns of
IONPs, b crystallite size and
percentage crystallinity of
IONPs, ¢ XRD patterns after
deposition of ZnS on IONPs, d
weight ratio Zn/Fe and S/Fe in
Fe;0,, a-Fe,0; and a-FeOOH
based ZnS nanocomposites
measured by EDS
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lattice fringes were also detected referring to the presence
of (100) plane of ZnS.

FTIR analysis was performed to identify the functional
group as well as chemical bonds in IONPs, and to confirm
the deposition of ZnS. Pure Fe;O, as shown in Fig. 4a gave
a peak at 640 cm™! which is ascribed to the stretching vibra-
tions associated with Fe—O bonds in the crystalline structure
of Fe;O, [37]. Pure a-Fe,0; as shown in Fig. 4b showed
a broad band starting from 3410 cm™! which is due to the
stretching vibration of OH™ group, while absorption peak
at 640 cm™! corresponds to Fe—O band vibration [37]. Pure
a-FeOOH as shown in Fig. 4c showed an absorption band
at 3110 cm™! which is ascribed to stretching vibration of a
hydroxyl group, the other two sharp peaks were obtained at
895 cm™! and 797 cm™! which is attributed to bending vibra-
tion of Fe—O—H, while the band at 640 cm™ is associated
with the stretching vibration of Fe—O bond in the material
[31]. FTIR of all three synthesized nanocomposites showed
an additional peak at 1004 cm~! which is associated with
Zn-S bond vibration [38].

Optical absorption spectra obtained for Fe;0,, a-Fe,0s,
a-FeOOH and Fe;04-ZnS, a-Fe,05-ZnS, a-FeOOH-ZnS
are shown in Fig. 4d—f. Absorbance curves for all pure iron
oxides showed intense absorption between 400—700 nm
region. Initially, it was observed that all the iron oxides
showed a decreasing trend of absorption in the UV range
i.e., for wavelength less than 400 nm. However, after deposi-
tion of ZnS a significant change in the trend was observed,
and the developed Fe;0,-ZnS, a-Fe,05-ZnS, a-FeOOH-ZnS
nanocomposites started to respond in the UV region. It was

observed that instead of decreasing, the value of absorption
tends to increase in UV region which is an indication that
ZnS has been successfully deposited [39]. An increase in
the visible range absorbance was also observed for all three
nanocomposites owing to broadening of density of states
by incorporation of ZnS thus more number of photons in
wider range of wavelengths are absorbed and also due to
the high refractive index of ZnS (2.35) due to which it acted
as an antireflection coating (ARC) [40]. In the presence of
ARC, light will bend into IONPs instead of being reflected
away, resulting in an increase in the light absorbance into
IONPs and hence the performance [40]. Bandgap (Eg) of
IONPs was calculated using Tauc—Mott plots [41] which are
derived from the absorption spectra as shown in Fig. S5. E,
values were found to be 1.70 eV for Fe;0, [42], 1.82 eV for
a-Fe,05 [43] and 2.45 eV for a-FeOOH [41] and in similar-
ity with referred reports.

The increase in absorbance of ZnS deposited IONPs was
equally evident from photocatalytic degradation of RhB as
shown in Fig. 5. The normalized visible absorbance peaks
of IONPs are, respectively, shown (Fig. 5a—c). The spectra
showed a main characteristic peak at 553 nm, which was
used to study the concentration of RhB dye during degrada-
tion process, spectra also showed a shoulder at around
498 nm which was due to the presence of dimer species [44].
After the deposition of ZnS, the UV—Vis absorbance spectra
of Fe;0,-ZnS (Fig. 5d), a-Fe,05-ZnS (Fig. 5e) and
a-FeOOH-ZnS (Fig. 5f) showed an evident lowering in
100 min of visible light exposure, affirming the faster deg-
radation of RhB molecules. Initially, o-Fe,O5 stood the best
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among three IONPs as a photocatalyst which is possibly
credited to its lower degree of intrinsic defects because its
bandgap as calculated above lie between Fe;O, and
a-FeOOH. However, after the deposition of ZnS, Fe;O0,-ZnS
attained the optimal credit which reflected its superior
response for deposition of ZnS. Figure 6a shows the degra-
dation percentage of RhB dye as a function of irradiation
time in the presence of IONPs before and after the deposi-
tion of ZnS by p-SILAR. Figure 6b shows dye degradation
efficiencies of synthesized Fe;0,-ZnS, a-Fe,0;-ZnS and
a-FeOOH-ZnS nanocomposites which were 47.17%, 12.34%
and 34.20% higher in comparison to respective IONPs. A
comparison between the photocatalytic activity of IONPs
and synthesized nanocomposites is shown in Fig. 6¢. Results
showed that the photocatalytic activity of synthesized nano-
composite significantly increased from their respective
IONPs due to significant increase in visible light absorption
capability of nanocomposites resulting from broadening and
increase in density of states in nanocomposites. Since a lin-
ear decrease in the tendency of dye with the time of reaction
was observed which showed that photocatalytic degradation
of RhB dye followed zero-order kinetics [45]. In Fig. S6, the
plot between C—C versus time is shown with values of rate
constant. The value of rate constant, k, for Fe;0,-ZnS nano-
composite is 5.91x 10 mol L™' min~!, which is about 3.4
times greater than that for Fe;O,. For a-Fe,0;-ZnS nano-

composite, the value of k is 4.64x 10 mol L™ min~!,

which is about 1.3 times greater than that for a-Fe,O;. For
a-FeOOH-ZnS nanocomposite, the value of k is
5.46x 1078 mol L™' min~!, which is about 2.2 times greater
than that for a-FeOOH. Shi et al. [46] prepared a similar
heterostructure by growing CdS on a-Fe,O5 nanorods and
studied its dye degradation properties using Methylene Blue
(MB) dye. They reported an increase the performance of
a-Fe, 05 nanorods from 30.6 to 86% after 120 min of irradia-
tion. The enhancement was attributed to the large surface
area of nanorods and superior charge transportation. Kang
et al. [21] synthesized heterostructure by growing SnO, on
a-Fe,0; via CVD technique. They used MB dye as a sample
pollutant and reported to enhance the performance of
a-Fe,0; nanoparticles from 58% to approximately 95% after
2.5 h of irradiation time. Despite of the application of vari-
ous strategies regarding the deposition of secondary materi-
als on one of the IONPs, the corresponding performance
remained lower and/or there has been no direct comparison
of evaluating the effect of single material such as ZnS on
IONPs of different stoichiometry. Keeping in view our
experimental results and analysis, the proposed photocata-
Iytic mechanism for all of the synthesized nanocomposites
is shown in Fig. 6d. The improvement in the performance
may be attributed to two factors: Firstly, it was observed that
developed nanocomposites showed relatively higher absorb-
ance in visible range which might have occurred due to the
well-known antireflection behavior of ZnS as an over layer
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[4, 41] and increased light absorbance. Hence, the developed
nanocomposites revealed higher photocatalytic efficiencies
because the light was efficiently absorbed. Secondly, for
Fe;0,/ZnS nanocomposite it is known that the conduction
band (CB) of ZnS is more negative as compared to the con-
duction band of Fe;O, while the valence band (VB) of ZnS
was less positive as compared to the valence band of Fe;0,
[47,48]. This arrangement of bands as represented schemati-
cally in Fig. 6d allow interband transition of holes from VB
of Fe;O, nanoparticle to VB of ZnS and hinders the transfer
of electron to ZnS, hence expected to reduce the recombina-
tion of charge. Due to this charge separation, electrons are
available at the oxide surface while holes are present at the
sulfide surface and both participate in the degradation of
dye. As it was also found that pristine Fe;O, had the lowest
bandgap (1.70 eV) of all three oxides but it showed mini-
mum dye degradation results (19.3%) while after deposition
of ZnS it degraded maximum quantity of dye (66.4%). This
trend indicated that photo-excitation (P1) is maximum in
Fe;0, nanoparticles but due to recombination (R1) which is
speculated to be maximum in this case, the pristine oxide
nanoparticles were not able to degrade the dye. For a-Fe,O,/
ZnS nanocomposite as per available literature, it is also

@ Springer

known that CB of ZnS is generally more negative as com-
pared to the CB of a-Fe,O; while VB of ZnS is less positive
as compared to the VB of a-Fe,05 [48]. Such an arrange-
ment of bands allows the interband transition of holes from
VB of a-Fe,O; nanoparticle to VB of ZnS and hinder the
electron to transfer to ZnS, hence electron at oxide surface
and hole present at sulfide surface degrade the dye individu-
ally. Bandgap of pure a-Fe,O5 nanoparticle was found to be
in between of Fe;O, and a-FeOOH nanoparticles, despite
which it showed maximum dye degradation efficiency and
after the deposition of ZnS the increase in efficiency is mini-
mum which indicates that photo-excitation (P2) is good and
recombination (R2) of charge carriers is minimum in this
case. For a-FeOOH/ZnS nanocomposite it was found that
CB of a-FeOOH is more negative as compared to that of
ZnS and the VB of a-FeOOH is less positive as compared
to that of ZnS [49]. Such an alignment of bands favors the
interband transition of electrons to CB of ZnS while hinder-
ing the transfer of holes to VB of ZnS, so in this case, holes
will remain at oxide surface and electrons are present at zinc
sulfide surface and dye degradation reaction is speculated to
occur at both sites/materials. Bandgap of a-FeOOH nano-
particles was found to be maximum (2.45 eV) but it showed
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more degradation than Fe;O, nanoparticles which had a
lower bandgap (1.70 eV). After the deposition of ZnS nano-
particles, the degradation efficiency was improved from 27
to 61% which shows that photo-excitation (P3) was high
while recombination (R3) of charge carriers was also high
due to which pristine nanoparticles were not able to perform
as per their potential, and retrieved their performance after
apposite ZnS deposition. The trend in dye degradation per-
formances of a-Fe,0;, Fe;0,, a-FeOOH and the nanocom-
posites (NCs) of aforementioned nanomaterials (NMs) with
ZnS, were further supported by analyzing the charge collec-
tion dynamics and structuralstability against charge recom-
bination through EIS; as reported by Balu et al. [50] and
Naeem et al. [51]. The achieved Nyquist’s spectra as shown
in Fig. 7 were acquired after fitting the equivalent circuit
(inset of Fig. 7), comprising of two resistances (R1 and R2)
and a capacitor (C). The values of R1, R2 and C are sum-
marized in Table S1. R1 is a non-zero intercept of real-axis
and it depicts an overall resistance of the working electrode
(i.e., connectors, wires and glassy carbon electrodes, etc.)
[52]; therefore, R1 values were almost similar for all the
developed materials. Whereas R2 is charge transfer resist-
ance across the catalyst/electrolyte interface and in Nyquist’s
plots the semi-circle with least diameter shows the smallest
value of R2 [52]. It is obvious from the graph that the values
of R2 in pure samples were initially in the order of
Fe;0,> a-FeOOH > a-Fe,05. However, after deposition of
ZnS the lowest R2 was observed for Fe;0,/ZnS, confirming
its highest catalytic activity. The deposition of ZnS signifi-
cantly improved the charge collection efficiencies via fast
transportation of charges from the catalyst surface to the dye
molecules owing to lower charge transfer resistances (R2).
Hence, the strategy of depositing ZnS would be highly ben-
eficial in the reduction of electron—hole recombination rates

10000
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80004 & - et o~ FeOOH
R2 === Fe,0,/ZnS
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by extending the lifetime of charge carriers [50, 51]. Further,
to support our results Bode phase plots were employed as
shown in Fig. 7b and electron lifetime 7 was calculated using
the Bode phase equation;

1
i 21 mid @

The peak of Bode curves corresponds to the maximum
mid frequency, denoted as f;,;; and can be used to calculate
electron lifetime [52]. From the plot, it is quite notewor-
thy that curves shifted towards a lower value of frequency
affirming that electron lifetime was increased due to the
deposition of ZnS on all three forms of IONPs.

4 Conclusion

In summary, we confirmed that the iron oxide-based
NPs (IONPs) can significantly be improved in their pho-
tocatalytic behavior by simplistic deposition of ZnS via
p-SILAR. On the one hand, ZnS provides an increase in
the visible light absorbance owing to its antireflection
nature, while on the other side it lowers down the e-h
recombination behavior inside NPs. Resultantly, mor-
phologically different Fe;0,, a-Fe,O; and a-FeOOH are
transformed to superior Fe;0,/ZnS, a-Fe,05/ZnS and
a-FeOOH/ZnS nanocomposite form. An EIS-based insight
affirmed the speculated proficient combination of ZnS
with IONPs and signaled towards the productive utility of
resultant nanocomposites in terms of optoelectronic use.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-021-04401-3.
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