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Abstract: A wide ranging scientific interest in developing new and simple preparation methods
for highly catalytic bimetallic sulfides provided our motivation to explore the possibility of using
the pulsed electrodeposition technique for the decoration of a carbon nanotubes forest. The carbon
nanotubes were obtained using the hot-filament chemical vapor deposition technique. A non-thermal
plasma treatment enabled the controlled creation of defects on the carbon nanotubes’ surface. These
defects served as anchoring sites for the subsequent deposition of Fe and Zn nanoparticles using
the pulsed electrodeposition technique. Our findings showed that only in the case of Fe deposition
prior to Zn provided the formation of FeZn bimetallic-based nanoparticles, with Zn present mainly
on the outer surface of the Fe core. To induce sulfurization, a thermal treatment in sulfur vapor was
conducted at 500 ◦C, and the obtained heterostructure consisted of Fe0.3Zn0.7S as the main phase,
with the minor presence of ZnS and S residues, which was deduced from the XRD results. This
study provides thorough imaging of the process, presenting for each preparation step SEM/HR-
TEM findings, coupled with EDS chemical analyses. The samples were tested for photocatalytic
degradation of methyl blue dye to demonstrate the photoactive behavior of the heterostructure.

Keywords: heterostructures; carbon nanotubes; photocatalysis; electron microscopy; electrodeposition

1. Introduction

In recent decades the development of binary chalcogenides, like sulfides, has drawn
the focus of the scientific community due to their wide prospective use, i.e., in solar
cells [1,2], batteries [3,4], and photocatalysis [5,6]. Among many non-precious transition
metal sulfides, such as FeS2 and ZnS, are seen as advantageous due to their low price,
earth-abundance, and non-toxicity [7]. To overcome the drawbacks of single metal sulfides,
such as in the case of FeS2, the short carrier lifetime [8], or for ZnS, the wide bandgap energy
of ∼3.7 eV [9], materials engineering to create binary structures is proposed as a potential
solution [5]. Fe2+ and Zn2+ ions have a similar ionic structure and a small fraction of Fe2+

can enter the crystal lattice of ZnS to form a new compound, ZnFeS [10]. The addition of
Fe regulates the energy band structure of ZnS, makes the absorption edge redshifted, and
effectively improves the photocatalytic performance. Moreover, ZnFeS has a good stability.
All these merits make it an ideal photocatalytic material and superior to TiO2, which is
commonly used [11].

To improve its functional characteristics, binary sulfides are coupled with graphene [2],
or its derivatives, like carbon nanotubes. When supported on graphitic materials, the
conductivity for electron capture and electron transport is increased. Herein, we investigate
the sequential pulsed electrodeposition (PED) technique for the deposition of Fe and Zn,

Coatings 2024, 14, 619. https://doi.org/10.3390/coatings14050619 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14050619
https://doi.org/10.3390/coatings14050619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-2860-3992
https://orcid.org/0000-0001-6683-2385
https://orcid.org/0000-0002-9601-4647
https://doi.org/10.3390/coatings14050619
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14050619?type=check_update&version=1


Coatings 2024, 14, 619 2 of 10

followed by thermal treatment in sulfur vapor to obtain a controllable ratio of Fe:Zn in
FeZnS. The aim is to explore the synthesis parameters and their effect on the morphology
and composition of the FeZn deposits. Finally, the photocatalytic activity will be assessed
through the degradation of an organic pollutant in water. Kamazani et al. reported the
enhancement of the photocatalytic performance of FeS2 when doped with Zn and coupled
with CNTs [12]. However, they used suspended CNTs and Zn-FeS2@CNTs in a powder
form. The use of thin porous films, such as decorated CNT carpets, supported on a substrate
is advantageous as there is no need for a recovery step during the sampling process and it
avoids the potentially harmful handling of the samples in nanopowder form [13]. Unlike
other reported techniques for FeZnS synthesis, where very high temperatures are needed
(i.e., co-precipitation with 165 h of annealing at 850 ◦C [14] and physical vapor deposition
(PVD) under UHV [10]) and multiple steps (i.e., dry and hydrothermal [15]), the proposed
PED technique, with sulfurization under S vapor, is less complex and requires less energy.
Moreover, our study provides detailed insights into the chemical and morphological
changes via SEM, TEM, and EDS analyses, for every preparation step, whereas others
investigated only the optical properties and phase composition.

2. Experimental Part
2.1. CNT Forest Preparation

Carbon nanotubes, aligned vertically to the Al substrate, were grown as a dense forest,
according to a well-established procedure already reported elsewhere [16]. In short, a
molecular beam evaporation system was used for the deposition of 30 nm of an Al2O3
buffer layer, followed by a 5 nm Fe layer. Prior to the deposition, the substrate was heated at
300 ◦C to ensure better adhesion of the deposit to the substrate, and the same temperature
was maintained during the double-layer deposition process. The growth of CNTs was
enabled by catalytic Fe NPs, obtained through the reductive pre-treatment of an Fe thin
film/Al2O3/Al under activated hydrogen, using a homemade double hot filament chemical
vapor deposition (d-HFCVD) reactor [17]. Methane (CH4) was used as the carbon source
for the CNTs formation, introduced at a 50 standard cubic centimeters per minute (sccm)
flow rate, together with a hydrogen flow of 20 sccm. The power of the two filaments for
the CH4 was set to 450 W, whereas for the H2 filaments it was 550 W. The overall pressure
was maintained at 12 mbar. These growth conditions were maintained for 30 min, after
which the chamber was evacuated and the samples removed from the hot zone [18].

After the growth of the CNTs, using a homemade DC plasma-enhanced chemical
vapor deposition reactor (PECVD) system [19], the samples were exposed to low-pressure
non-thermal water vapor diffusive plasma, in order to induce an excessive amount of point
defects in the CNTs outer wall structure. Indeed, hydrogen treatment during the CNTs
growth ensured the continuous catalytic activity of Fe, but also hydrogen induced the
formation of stable C–H bonds, thus passivating the CNT surface [20]. It is well known
that plasma generates high-energy reactive species (electrons, ions, radicals), which can
deform (O2 plasma) and even destroy (Ar plasma) the structure of CNTs [21]. Hussain
et al. [22] applied water plasma to functionalize CNTs with different oxygen groups (e.g.,
carboxyl, hydroxyl, and carbonyl). Therefore, we applied the post-plasma treatment in
water vapor to introduce defects in the surface of the CNTs, enabling the anchoring of
pulsed electro-deposited Fe/Zn particles [16]. Furthermore, with an oxygen-rich plasma
treatment, the conductivity of CNTs can be increased and the carrier transport activation
energy decreased [20]. Thus, H2O plasma post-treatment is expected to provide benefits to
the photocatalytic CNTs-based heterostructures in two aspects: (i) introduction of defects
to the surface of CNTs and (ii) CNTs conductivity increase.

2.2. Pulsed Electrodeposition of Fe/Zn and Sulfurization

The decoration of CNTs sidewalls was conducted via the pulsed electrodeposition
(PED) process, using a three-electrode setup, with a Ag/AgCl electrode as the reference
electrode, the CNTs sample as the working electrode, and a graphite counter electrode.
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The setup used a Bio-Logic potentiostat to supply the power, with EC-Lab software (https:
//www.biologic.net/) used to set the electrodeposition parameters and design the shape of
the pulses applied to the working electrode. Herein, we study the PED of Fe and subsequent
PED of Zn. As it is known that the presence of Zn(II) inhibits Fe electrodeposition [23],
we decided to introduce Fe first and then Zn. In reverse, prior PED of Zn would cause
the formation of Zn hydroxide and the surface would be passivated, and the attachment
of Fe would be unattainable. The electrodeposition process was performed in a Watts
bath solution, consisting of a mixture of 139.01 g L−1 FeSO4·7H2O, 30 g L−1 H3BO3, and
0.5 g L−1 ascorbic acid (C6H8O6) aqueous solution for the Fe nanoparticle deposition;
whereas, for the subsequent deposition of Zn, a solution of 143.78 g of L−1 ZnSO4·7H2O,
30 g L−1 H3BO3, and 0.5 g L−1 C6H8O6 was used. The acids were added in order to buffer
the electrolyte acidity, so as to not damage the aluminum substrate, nor the aluminum
oxide layer. Both for the Fe and, subsequently, for the Zn electrodeposition, pulses of 40 ms,
with a potential amplitude of −6.5 V, followed by 110 ms resting time, using an open
voltage circuit, were applied. The number of pulses for both Fe and Zn was set at 300 each.
A more detailed description of the electrodeposition technique is reported elsewhere [24].
The PED parameters were chosen according to the reported values published elsewhere,
aiming to achieve the dispersed deposition of the nanoparticles in order to easily follow
their chemical and morphological changes during the preparation process. The rate of
electrodeposition increases with the increasing frequency of the pulsation [25]; thus, we
chose a duty cycle of 25% (ton/(ton + toff)) to avoid the agglomeration of the NPs, and also
to ensure the size of NPs was ~100 nm [26], so the analyses were more accurate. In the case
of smaller NPs, other phenomena might take place, like the quantum effect [27], which can
cause misleading interpretations in regard to the results. After the PED, the FeZn@CNT
samples were annealed in S vapor to obtain FexZn1−xS. The heating regime was 10 ◦C/min
up to 550 ◦C for 30 min, at 3 mbar.

2.3. Characterization Techniques

Scanning electron microscopy (SEM) was carried out using a Hitachi S-4800 microscope
at 10 kV, with the energy-dispersive X-ray spectroscopy (EDS) analyses conducted at 20 kV.

Transmission electron microscopy (TEM) was employed for the morphological and
structural analyses, using a ThermoFisher (Waltham, MA, USA) Titan Themis operating
at 300 kV. Prior to the analysis, the surface of the samples was scratched using a diamond
scriber, so that fragments were collected on a carbon grid. To preserve the as-synthetized
morphology of each analyzed sample, no solvent was used in the preparations. The
EDS chemical analyses were performed in the high-angle annular dark-field scanning
transmission imaging mode (HAADF-STEM), using an X-Max Oxford detector, while
setting the experimental conditions so that the total current within the probe was about
85 pA. A camera length of 110 mm was chosen for recording. For the EDS analyses, the
characteristic Kα X-ray energies for carbon, oxygen, zinc, iron, and sulfur were selected:
0.277 keV, 0.523 keV, 8.639 keV, 6.398 keV, and 2.308 keV, respectively.

The grazing incidence X-ray diffraction (GIXRD) measurements were carried out
using a high-resolution diffractometer (SmartLab, Rigaku, Tokyo, Japan), equipped with a
high-flux 9 kW rotating anode (copper source), a CBO unit, and a HyPix-3000 high energy
resolution semiconductor detector. The GIXRD experimental conditions were detailed in
our previous study [13].

The diffuse reflectance spectra (DRS) were recorded by a PerkinElmer Lambda 950 nm
UV–Vis–NIR spectrophotometer.

2.4. Photocatalytic Measurements

The photocatalytic activity of the samples was evaluated in regard to the photodegra-
dation of methyl blue (MB) dye, by measuring the absorbance of the MB solution at 662 nm,
which can be correlated with the concentration of MB in the solution. For this purpose, a
Varian Cary® 50 UV–Vis spectrophotometer was used. Specifically, 50 mL of MB solution,

https://www.biologic.net/
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with a starting concentration c0 = 20 mg L−1, was prepared, and the photodegradation was
monitored with and without the catalyst involved. The first sampling was performed after
30 min in the dark, to investigate the change in the concentration due to simple adsorption.
The sampling of the irradiated dye was done after 30 min, 2 h, and 6 h, followed by measur-
ing the MB concentration, c. A Xe lamp, operating at 50 W, was put at 30 cm distance from
the MB solution. The linear fitting of ln(c0/ci) = kt was made to approximate the kinetic
rate, k [16]. To be able to compare the effectiveness of the catalyst, all the films were cut to
have a 2 cm × 1 cm geometric surface.

3. Results and Discussion

Figure 1a presents a lateral view of the CNT carpet before the PED. The CNTs were
~35 µm long and ~5 nm thick. To demonstrate the effect of the plasma treatment, Raman
analyses were performed, and the obtained spectra are given in Figure 1b. As the Raman
D band intensity represents the existence of defects and other disorder-induced effects
for any type of carbon, the higher intensity of the D band for the plasma-treated CNTs
is confirmation of plasma-induced defects. Moreover, the ID/IG value increases from
1.17 for the as-synthesized CNTs to 1.41, due to the plasma treatment. Similar values were
reported by A. Hawsawi et al., who used a similar exposure time and temperature for the
water vapor plasma treatment of vertically aligned CNTs, for the subsequent deposition
of W and SiO2 particles to improve their field emission characteristics [28]. Herein, the
plasma-induced defects acted as anchoring sites for the next PED. Figure 1c shows the SEM
micrograph after the PED of Fe, and Figure 1d, after the PED of Fe and the subsequent
PED of Zn. The decoration of CNTs with Fe and FeZn NPs was optimized in order to
avoid excessive agglomeration, as the role of CNTs is to provide a high surface area for
the deposited NPs. What is more, the aim of this study was to investigate the influence
of the synthesis parameters on the morphology and the composition of the NPs; thus, we
aimed for the NPs to be well dispersed and easily distinguished. The PED of Fe resulted
in the formation of ~80 nm quasi cubic NPs, with certain agglomerations present. The
post-deposition of Zn caused an increase in the size of the NPs to ~100 nm, with an irregular
shape. The presence of Zn was confirmed with EDS analysis (Table 1). The spectra are
provided in the Supplementary File, Figure S1.

Table 1. EDS results conducted on 1 × 1 µm2 areas.

Sample/Element, at.% C K O K Al K Fe K Zn K S Total

After PED of Fe 17.80 +/- 2.33 21.26 +/- 2.51 23.80 +/- 0.78 37.15 +/- 2.15 0.00 0.00 100.00

After PED of Fe/Zn 31.97 +/- 1.61 17.06 +/- 1.56 24.74 +/- 0.46 15.44 +/- 0.76 10.79 +/- 1.10 0.00 100.00

After sulfurization 37.04 +/- 3.05 3.19 +/- 1.49 43.40 +/- 0.82 3.19 +/- 0.57 4.20 +/- 1.15 8.97 +/- 0.42 100.00

The overall composition of FeZn@CNTs film was provided by GIXRD analysis, and the
results are given in Figure 2a. Apart from the strong signal of Al support, one can observe
the characteristic peaks corresponding to pure Fe and Zn metallic phases individually (03-
065-4899 and 00-004-0831, respectively). The calculated cell parameters were a = 2.672 Å
and c = 4.955 Å for the Zn phase, and a = 2.8696 Å for the Fe phase.

To gain deeper insight into the composition of the FeZn NPs, TEM analyses were
performed together with EDS chemical mapping, conducted on several fragments of the
FeZn@CNTs film, collected by scratching the film’s surface and dragging the TEM grid
over it. A high-angle annular dark-field image (HAADF), conducted in STEM mode on a
representative area of the sample, is given in Figure 2b, with the corresponding EDS overlay
and chemical composition table in Figure 2c. The chemical element maps in Figure 2d
describe the bimetallic NPs of the Fe core and the thin outer layer of Zn. A negligible
amount of O proved that the FeZn NPs were preserved from the oxidation.
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After the sulfurization, the same characterization approach was applied, and the
representative SEM micrograph and GIXRD diffractogram are provided in Figure 3a,b,
respectively. The size and shape of the NPs are not homogeneous and, according to the EDS
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performed on the 1 × 1 µm2 area (Table 1), one can assume that S was also deposited as
elemental S on the surface of the CNTs, apart from being involved in FexZn1−xS formation.
The GIXRD analysis confirmed the presence of cubic FexZn1−xS, with the cell parameter
calculated to be 5.4209 Å. By comparing the pattern with the data available in the PDF2
database (files 01-089-4936, 01-089-4937, 01-089-4938, 01-089-4939, 01-089-4940, 01-089-
3061, and 01-089-3700), we estimated the Fe content to be Fe0.289Zn0.711S (using Vegard’s
law). Based only on the work of Skinner [29] (01-089-3061), who corrected the data from
Kullerud [30] (files 01-089-4936 to 4940), we calculated Fe0.23Zn0.77S. The ZnS phase (01-075-
1547) and, in small amounts, FeS were also observed, as well as metallic Fe. By comparing
the composition of the new FeZnS compound with the Fe/Zn ratio before sulfurization, one
can assume that there is a gradient in the sulfurization impact with regards to the Zn-rich
surface and Fe core. As there were also traces of ZnS and FeS detected by the XRD analysis,
we assume that the sulfurization of the surface resulted in ZnS formation; whereas, on the
Zn–Fe grain boundary, due to the high temperature, a mixing of Zn and Fe with diffused
S resulted in the Fe0.23Zn0.77S compound, until a certain depth toward the core where Zn
did not diffuse, but only S creating FeS, leaving a certain amount of unreacted Fe. This
hypothesis is based on the fact that in the alloying process, Zn interacts with Fe already at
temperatures above 300 ◦C [31], where the diffusion of Zn is more dominant [32]. Thus,
in our FeZnS interlayer, the higher amount of Zn was expected, as Zn from the surface
diffused more toward the core. Figure 4 presents the STEM/EDS analysis results of the
FexZn1−xS@CNTs fragment, showing that the composition of Fe:Zn:S = 14.0:20.9:25.3 (at.%).
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Figure 3. (a) SEM micrograph and (b) XRD diffractogram of FexZn1−xS@CNTs.

To compare the optical properties of FexZn1−xS@CNTs with the single metal sulfide
samples FeS@CNTs and ZnS@CNTs, prepared using the same synthesis conditions, the DRS
spectra were recorded, and are presented in Figure 5a. In the case of ZnS@CNTs, the char-
acteristic peak is at 363 nm, which is shifted with regards to the bare ZnS (332 nm) [33] not
coupled with CNTs. A similar finding was reported by Lonkar et al., where they showed the
beneficial role of graphene on the absorption properties of ZnO–ZnS heterostructures [34].
Incorporated graphene served as a macromolecular sensitizer, which caused a narrowing of
the bang gap of the ZnO–ZnS heterostructures compared to the samples without graphene.
The CNTs had a similar effect on FeS and FexZn1−xS, as they showed absorption along the
whole visible range.
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The photocatalytic measurements were performed and compared with photolysis
(degradation of MB without the presence of the catalyst). The results are presented in
Figure 5b. In the first 30 min, FeZnS@CNTs showed the highest photocatalytic activity
(58%) with regards to ZnS@CNTs (15%) and FeS@CNTs (43%). However, it seems that
its stability is an issue, as the degradation of the dye slows down and even approaches
the result for ZnS@CNTs at 360 min. The kinetic constants, k, were calculated from the
linear fitting of ln(c0/ci) = kt [35] and, indeed, FeS shows the highest value over the total
duration of the photodegradation process (k = 5.73 × 10−3 min−1), whereas FeZnS has
the lowest k = 3.17 × 10−3 min−1. The high photocatalytic efficiency of FeZnS@CNTs in
the first 30 min compared to ZnS@CNTs could be due to the higher amount of photogen-
erated carriers originating from the absorption superiority of FeZnS. The slightly better
performance of FeZnS in comparison to FeS@ZnS could be owing to the improved charge
separation as we deduced earlier, namely FeZnS consists of a ZnS–FeZnS–FeS system form-
ing a heterojunction. However, assuming the obtained multilayered system comprises of a
ZnS outer layer, then a final photocatalytic performance approaching that of ZnS@CNTs is
anticipated. Moreover, we assume that the FeZnS@CNT photocatalyst possesses various
defects on the surface. These defects can lead to the trapping of photoelectrons and holes,
which contribute to the hindering of the photocatalytic performance [6]. What is more,
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photocorrosion cannot be excluded as under light illumination, metal sulfide photocatalysts
generate photoelectron–hole pairs, and photogenerated holes spontaneously combine with
S2− to oxidize in S0 and/or SO4

2− leading to changes in the surface structure of the metal
sulfide [36]. This can be avoided by the incorporation of an appropriate oxide, using
the same preparation method, where instead of sulfurization, thermal annealing in an
oxygen-rich atmosphere is performed [16]. However, ZnO should be avoided from the
perspective of stability, as a photogenerated hole can induce the collapse of ZnO and the
direct leakage of Zn2+ into the reaction solution [37]. In this context, we will explore further
TiO2-based heterostructures [38].

4. Conclusions

The pulsed electrodeposition technique was employed for the decoration of a CNT
forest with Fe, Zn, and bimetallic core–shell FeZn. After sulfurization, the nanoparticles
turned into the corresponding sulfides, with the Fe0.291Zn0.709 S composition. The con-
tribution of the CNTs was seen to benefit to the optical properties of the sulfides. The
photocatalytic activity of the films was evaluated in regard to the degradation of methyl
blue dye. Even though FeZnS@CNTs showed the fastest degradation rate in the first 30 min,
its stability was an issue as the degradation rate slowed down. We assume that this is due
to the various defects potentially present on the surface of the FeZnS@CNTs, which act as
trapping sites for the photogenerated charges. Also, the possibility of photocorrosion can-
not be excluded. This could be avoided by the incorporation of an appropriate oxide, using
the same preparation method, but where instead of sulfurization, thermal annealing in an
oxygen-rich atmosphere is performed. This work opens up a new horizon for CNT-based
heterostructure engineering, presenting a controllable method to decorate CNTs, with a
photoactive core–shell structure.
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