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Abstract

Herein, we report on the use of vertically aligned multiwall carbon nanotubes (CNTs) films as support for ZnO/ZnS
photocatalytic active nanostructures. The CNTs were synthetized via a hot-filament chemical vapor deposition (HfCVD),
using Fe catalyst on top of AL2Os buffer layer. Controlled point defects in the CNTs outer walls were created by exposure
to a low pressure nonthermal water vapors diffusive plasma and acted as seeds for subsequent pulsed-electrodeposition of
Zn nanoparticles. This was to achieve a direct and improved contact between the nanoparticles and CNTs. To obtain ZnO,
ZnS and mix phase of ZnO/ZnS spread on CNTs, the oxidation, sulfurization and 2 steps subsequent annealing in oxygen
and sulfur rich atmospheres were applied. High resolution transmission electron microscopy (HRTEM) with energy
dispersive X-rays spectroscopy (EDS) in scanning mode, provided the chemical mapping of the structures. X-ray
diffraction (XRD) analyses proved the hexagonal phase of ZnO and ZnS, obtained after oxidation in H20 and S vapors,
respectively. In the case of the samples obtained by the 2 steps subsequent annealing, XRD showed mainly the presence
of ZnO and a small amount of ZnS. The benefit of the secondary annealing in S vapor was seen as absorption enhancement
of the ZnO1xSx@CNTs sample having the absorption edge at 417 nm, whereas the absorption edge of ZnO@CNTs was
408 nm and of ZnS@CNTs 360 nm. For all the samples, compared to the bare ZnO and ZnS, the absorption red shift was
observed which is attributed to the CNTs involvement. Therefore, this study showed the double sides benefit to induce the
absorption of ZnO of the visible light, one from S doping and second of CNTs involvement. The absorption enhancement
had a positive impact on photocatalytic degradation of methyl blue dye, showing that ZnO:xSx@CNTs heteronanostructure
was the best photocatalyst among the studied samples.
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explored. Both of them are bio-safe and biocompatible
materials and can be directly used in heterogeneous
photocatalysis. A drawback relates to their optical

1 Introduction

Water waste treatment has been and remains an
important issue that humanity is facing. One of the
well-known strategy for water purification is
photocatalysis [1]. When a photocatalyst absorbs the
solar radiation, free carrier charges are generated,
electron going from the valence to the conduction band
thus leaving behind a positive “hole” which can be
used for further subsequent reactions. Typical
photocatalytic materials are inorganic semiconductors
among which ZnO [2], [3] and ZnS [4—6] are intensely

absorbance being limited to the UV range, £, (ZnO) =
3.2 eV (387 nm) [7] and E; (ZnS) = 3.73 eV (332 nm)
[8]. Furthermore, ZnO is unstable in water, i.e
hydrolyzes over time to form Zn(OH); on ZnO
exposed surface thus rendering it catalytically inactive
over time [9], [10]. Moreover, ZnS photodecomposes
and undergoes self-oxidation in water with formation
of excited holes, ZnS— Zn*"+ S [11]. One possibility
to alleviate the photocorrosion is to use a hole
scavenger such as methanol, KBr or Na,S. However,
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as these additives are consumable, they would need to
be supplied constantly. One approach to improve the
photocatalytic performance of ZnO and ZnS consist in
their coupling with carbon nanotubes (CNTs) to form
a hybrid nanoheterostructured materials [12], [13].
CNTs have exceptionally high charge mobility and
they are considered the ideal electron acceptor. This
can trigger enhanced interfacial electron transfer from
the photocatalyst to the CNTs and restrain of the
electron/hole (e/h") pair recombination [14], [15].
Additionally, grafting the photocatalyst on CNTs
surface will prevent the agglomeration of the catalyst
in the solution which negatively affects the
photocatalytic performances [16] whilst at the same
time the available photo-catalytical specific surface
area is increased. Furthermore, the photocorrosion
process is prevented by inhibiting the accumulation of
the charge carriers within the catalyst [8]. On the other
hand, the photocatalytic properties of ZnO can be
improved by its doping with S [17] and/or by forming
ZnS@ZnO core-shell heterostructure, which will
extent the absorption in visible part of the spectrum
and improve catalysts stability [17-21]. The strategy
we propose is to decorate CNTs first with ZnO
particles and then introduce S either as dopant into the
ZnO structure or as a new outerlayer of ZnS onto ZnO.
This approach will take advantage of the fact that the
conduction band of ZnS lies at a more negative
potential than that of ZnO, while the valence band of
ZnQO is more positive than that of ZnS [22]. Therefore,
under visible-light irradiation, one can expect that the
photogenerated electrons will transfer from the
conduction band of ZnS to the conduction band of ZnO
and together with photo-excited electrons from ZnO
will be further accepted by the CNTs. Simultaneously,
hole transfer is expected to occur from the valence
band of the ZnO to the valence band of the ZnS.
Subsequently, one can thus expect enhanced charge
carrier separation and an improved photocatalytic
activity. The doping of ZnO with S has already been
proposed by Zhang et al. [23] where they synthetized
ZnO nanoflowers via hydrothermal methods and a
simple thermal treatment at 60 °C in 0.5 M Na,S,
resulting in a visible range responsive catalyst with
550 nm absorption edge. However, in their report, the
pure S:ZnO exhibited poor photodegradation activity,
which was explained as a consequence of the easy
recombination of the photogenerated charges in S—
ZnO. By additional Ag loading, which captured
photoexcited electrons from S-ZnO, the photoactivity
of the catalyst was shown to be improved. Herein, we
propose the use of CNTs for the same purpose as
Zhang et al. used Ag. This study aims thus to explore
the contribution of CNTs on optical properties of the
deposited Zn further oxidized and/or sulfurized to

obtain ZnO and/or ZnS. Additionally, the effect of S
incorporation in ZnO, by low temperature annealing in
S vapors, was investigated. Therefore, the objective of
our work was to demonstrate the two-side beneficial
role on the photocatalytic activity of the
ZnO@ZnS/CNTs heterostructure: i) involvement of
CNTs to reduce the photogenerated charges
recombination and to provide high surface area as a
support for the catalyst, ii) doping of ZnO with S and
creating ZnO@ZnS structure to increase the stability
of the catalyst as well as absorption range.

2 Methods

2.1 Preparation of the catalyst for CNTs
growth

High-purity aluminium or copper foils (Alfa Aesar
99.99%) were cut into pieces 5 cmx6 cm in size to be
used as substrates for CNTs growth. The foils were
first cleaned in acetone followed by isopropanol in an
ultrasonic bath for 15 min. Subsequently, 30 nm Al,O3
buffer layer followed by a 5 nm Fe layer were
deposited in a home-made UHV e-beam heated,
molecular beam evaporation system. 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.

2.2 CNTs growth

The Fe catalyst precursor reductive pre-treatment and the
CNT subsequent growth were conducted in a
homemade double hot filament chemical vapor
deposition (d-HFCVD) reactor. The set-up and
process details have been reported previously [24] and
thus, herein we provide just a brief description of the
procedure. The reductive pre-treatment under
activated hydrogen was done to induce the formation
of small non-oxidized Fe metal nanoparticles from the
Fe thin film. These Fe nanoparticles served as catalysts
for CNTs growth. The pre-treatment step is
immediately followed by the CNT synthesis, by
introducing methane (CH4) at 50 standard cubic
centimeters per minute (sccm) flow rate, whereas the
hydrogen flow rate was modified from 75 to 20 sccm.
The power of the two filaments for CHs was set to be
450 W, whereas for the H, filaments was 550 W. The
overall pressure was maintained to 12 mbar. These
growth conditions are maintained during 30 minutes,
after which the chamber was evacuated and the
samples removed from the hot zone. [25]
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A dense black coatings on the upper side of the
substrates with Fe/Al,Os; catalyst were observed,
which is an indication of a successful synthesis of
vertically aligned CNTs carpet (VACNTSs) [24].

After the growth of the CNTs, using a home made DC
plasma enhanced chemical vapour deposition reactor
(PECVD) system [26] the samples were exposed to a
low pressure nonthermal water vapors diffusive
plasma in order to induce excessive amount of point
defects in the CNTs outer walls structure. These
defects can be further used as preferential nucleation
sites for Zn during the electrodeposition step. For the
nonthermal plasma treatment the water vapor gas was
injected in the PECVD chamber at a flow rate of 10
sccm and a pressure of 1.6 mbar. The temperature of
the sample electrode gradually increased in time upon
plasma exposure, i.e. for 3 minutes of plasma
treatment the temperature reached 70 °C. After the
ignition of the plasma, the applied voltage to the anode
was maintained quasi constant in a range of 30-45 V
with a current intensity between the two multi holes
electrodes of 0.22-0.24 A and without applying power
on the sample electrode.

2.3 Zn deposition, oxidation and sulfurization

Zinc nanoparticles were deposited on CNTs sidewalls
via pulsed-electro-deposition (PED) process using a
three electrodes setup, with a Ag/AgCl electrode as a
reference electrode, the CNTs sample as a working
electrode and a graphite counter electrode. The setup

was power supplied via a Bio-Logic potentiostat and
EC-lab software for setting the electrodeposition
parameters and designing the pulses shape applied on
the working electrode. The electrodeposition process
was performed in a Watts bath solution consisting of a
mixture of 143.78 gI”' ZnSO4-7H,0, 30 gl H;BO;
and 0.5 gl ascorbic acid (C¢HsOg). The acids were
added in order to buffer the electrolyte acidity as to not
damage aluminium and aluminium oxide layer. For the
electrodeposition of Zn nanoparticles, pulses of 40 ms
with a potential amplitude of -7.5 V followed by a 120
ms resting time in an open voltage circuit were
applied. The total number of pulses was set at 500 for
all the fabricated samples. A more detailed description
of the electrodeposition technique is reported
elsewhere [27].

Subsequent to the Zn NPs deposition on CNTs, part of
the obtained samples was annealed in H,O vapor, to
obtain ZnO, whereas another part was annealed in S
vapor to obtain ZnS. The heating regime was in both
cases the same with 10 °C/min rise to 500 °C and
anneal for 30 min at 3 mbar. To introduce S in
ZnO/CNTs structure, a secondary sulfurization step
was applied at a lower process temperature of 250 °C,
10 °C/min, for 30 min at 3 mbar (third type of the
studied heterostructure).

For more comprehensive explanation of the
experimental path for the samples’ preparation, a
corresponding schematic is provided in Fig. 1.

a0 vapo!

. b )
Anneain® L

CNTs/ZnO

Sulphurization at 500 °C | CNTs/ZnS

Synthesis of VACNTs carpets PED of Zn | CNTs/Zn

mealin .
€0
2~ Vapor

Sulphurization at 250 °C

CNTs/ZnO CNTs/ZnO,S,

Figure 1. Schematic of experimental path done in this work

2.4 Characterization Techniques

Scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) analyses were carried
out on a HITACHI S 4800 microscope at 10 kV.

Morphological and structural analyses were performed
using an ThermoFisher TITAN Themis transmission
electron microscopy (TEM) operating at 300 kV. For all
observation, prior to the analysis, the surface of the
samples were scratched with a diamond scriber and
fragments were collected on the carbon grid. No

solvent was used for the preparation in order to
preserve the as-synthetized morphology of each
analyzed sample. The chemical analyses were
performed via EDX in scanning transmission mode
(STEM) of the electron microscope, using an X-MAX
Oxford detector. The experimental conditions were set
so that the total current within the probe used for the
STEM-HAADF EDS chemical analysis was about 85
pA. For the STEM-HAADF-EDS chemical mapping
we selected characteristics x-ray energies for carbon
with Ka = 0.277 keV, oxygen with Ka = 0.523 keV,
zinc with Ka = 8.639 keV and sulfur Ka = 2.308 keV.
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The STEM-HAADF images were recorded using a
camera length of 110 mm where the intensity of the
recorded STEM-HAADF image reflects variation of
the average atomic number Z of the probed element.

Grazing incidence X-Ray diffraction (GIXRD)
measurements were carried out using a high-resolution
diffractometer (Smartlab, Rigaku) equipped with a
high-flux 9 kW rotating anode (copper source), the
CBO unit and the HyPix-3000 high-energy-resolution
semiconductor detector. No monochromator was used
in order to maximize the collected intensity. The
optical configuration was as follows: parallel beam,
incident slit IS = Imm, 2.5° Soller slits to limit the
axial divergence beam and parallel slit analyzer (PSA
= 0.228°) to limit the equatorial divergence beam. The
incidence angle ® was set from 1.5° to 4° so that the
beam penetrates the thickness of the deposited film.
The angular range for data collection was from 20 =
12 to 80 20¢, ©, with a step of 0.03° and a scan speed
of 5°min or 0.5°/min for accurate data. GIXRD
patterns are plotted in log scale.

The crystallite size was estimated using the Halder-
Wagner method [28]. The intercept of the plot of
(B/d*)* versus P/(d*)* gives the mean strain value n
and the slope the mean apparent size, € :

&y -1 L.y

With d* = 1/d = 2sin6/A, B the broadening of the peak

and 1 = <e.>>'? i.e. the root-mean-square strain value.

The volumetric apparent size Dy, in the spherical grain
approximation, is calculated as Dy = 4/3n [29]. With
our optical configuration, the instrumental broadening
is fixed by the aperture of the analyzer, its value is
constant over the entire angular range. From the
pattern of Al,O3 standard powder the full width at half
maximum (FWHM) was taken to be 0.220° and the
integral breath (IB) 0.262°. The observed Lorentzian
width is the sum of the width due to particle size of the
sample and instrumental broadening, while the square
of the observed Gaussian breadth is given by the sum
of the squares of the instrumental and the sample strain
Gaussian widths.

When not enough peaks were available to plot a linear
regression, the crystallize was only estimated using the
Scherrer formula, where the broadening of the
diffraction peak was considered due to the size effect
and the constant K was taken equal to 1.07
(considering IB for the broadening, as done for the
Halder-Wagner method).

Diffuse reflectance spectra (DRS) were recorder on a
Peker Elmer Lambda 950 nm UV-Vis-NIR
spectrophotometer.

2.5 Photocatalytic measurements

The photocatalytic activity of the samples was tested
by monitoring the photodegradation of methyl blue
dye in time with and without the catalysts. A 30 cm
distance between the catalyst and the Xe lamp,
operating at 50 W, was set. The 50 mL of dye (starting
concentration ¢y = 20 mg/L) was irradiated for 6 h to
measure the baseline. The catalysts were then
sequentially immersed in a fresh solution of the same
initial concentration and a first sampling was
performed after 30 mins in dark to investigate the
change of the concentration due to simple adsorption.
The influence of irradiation over time was monitored
by sampling of the irradiated dye with a catalyst
immersed after 30, 60, 120, 240 and 360 min,
respectively. The Varian Cary® 50 UV-Vis
Spectrophotometer was used to measure the
absorption of the dye solutions which is taken as a
change in dye concentration. As a measure of
degradation, the decrease in concentration is
determined by monitoring the peak at 662 nm. To be
able to compare the effectiveness of the catalyst, all
films were cut to have the 2 cm* geo. surface.

3 Results and Discussion
3.1 Morphological and chemical analyses

Fig. 2 a) shows typical SEM images where the
morphology of as-synthetized 45 pm long and
vertically aligned CNTs is illustrated. From the TEM
image illustrated in inset of Fig. 1a) one can see that
these multiwall CNTs have 4-5 walls with 5-6 nm
sized inner diameter, estimated by a manual
measurement of 235 MWCNTs. The corresponding
histogram is provided in the Supplementary file, as
Fig. S1. This morphology is expected for the growth
by using 5 nm Fe nanoparticles catalyst in our
chemical vapor deposition (CVD) set-up. The
subsequent deposition of Zn was uniform all along the
CNTs outer walls which is clearly visible on Fig. 2 b).
The particles were in 50 to 280 nm range and most of
them were in the shape of pellets with a hexagonal
base. To determine their chemical composition and
their precise phase, the XRD analyses were performed.
The peak at 72.5° 20 detected by XRD confirms that
the deposit was pure Zn with a very small amount of
ZnO hexagonal phase (Fig. 2 c¢)). The observed
oxidation could be a consequence of oxygen exposure
both from the electrolyte and from the air. Using the
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Halder-Wagner analysis, the volumetric apparent
crystallite size of Zn is 20 nm, whereas the Scherrer
formula gives an average size of 23 nm.

m x25.0k SE(U)

Two very broad peaks indexed at 33.1 and 59.5° 26
can be explained by the presence of iron oxide(s). This
oxidation of iron means that not all the catalytic iron
served for the CNTs growth, but still some of it
remained on the substrate.

oCu
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1 CNTs
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Figure 2. a) SEM image of as-synthetized CNTs and the TEM micrograph in the inset, b) SEM image of CNTs after PED
of Zn and the corresponding TEM micrograph in the inset, and ¢) GIXRD pattern of CNTs after PED of Zn

Using high resolution (HR-TEM) imaging (Fig. 3), the
presence of smaller particles deposited all along the
CNTs outer walls was observed with an estimated size
between 5 to 12 nm. A detailed analysis of the
nanoparticles allowed the determination of the
interplanar distances d; = 0.28 nm (100), d» = 0.25 nm
(101) and d; = 0.26 nm (002) which are specific to the
ZnO hexagonal phase. The analyzed particle presented
in Fig. 3b) is covered by a ~10 nm thick layer.
Furthermore, EDS analysis was performed in STEM
mode and the results are resumed in Fig. S2 in the
supplementary file together with the chemical
composition of the analyzed fragment given in Table

S1. What is observed is that oxygen is mostly present
on the surface of CNTs, where there was no signal
identification for zinc component. To further
investigate this, the point EDS analysis was performed
in different areas within the samples which revealed us
that the amount of oxygen was always higher than the
zinc (see also in supplementary file Fig. S3). We
assume that since the plasma treatment, applied after
CNTs synthesis, induced defects on the surface of
CNTs and those defects can also trap oxygen
molecules (O.) as well as hydroxyl or carboxyl groups.

Figure 3. HRTEM micrographs of Zn@ZnO deposited on CNTs: a) the fragment of the deposit consisted of agglomerated
nanoparticles of 5-12 nm range, b) a hexagonal shaped ~50 nm particle with a zoom given in c¢) to present the HR of measured

interplanar distances, d

To ensure the complete oxidation of Zn@ZnO on
CNTs, the annealing in H,O vapor was performed
(Fig. 1) and the characterization results are
summarized in Fig. 4. As it can be observed from the
SEM image (Fig. 4 a) the overall morphology of the
deposit remains the same. All the particle preserved
their hexagonal pellet-like morphology after the

complete oxidation and present a bimodal size
distribution. From the XRD analysis (Fig. 4 b) we
observed that the obtained ZnO maintains its
hexagonal phase structure (zincite, P63mec. JCPDS 00-
036-1451). Using the Halder-Wagner analysis,
considering that the instrumental broadening
corresponds to the broadening of the Al peak (integral
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breath, IB = 0.2298 °), the volumetric apparent
crystallite size of ZnO is 9.6 nm accounting for a small
amount of microstrain (0.16 %) (the Scherrer formula
gives an average size of 15 nm). HRTEM analysis also

— 20 nm W
Figure 4. a) SEM, b) TEM micrographs, ¢) GIXRD

pattern f Z n CNTs, obtained after annealingin HO vapor. c¢)

confirmed ZnO hexagonal phase, having measured the
interplanar distances to be 0.28 nm that corresponded
to the (100) plane of hexagonal ZnO (A-D).

b)

® ZnO, zincite
oAl

Intensity, log(a.u.)

10 nm

HRTEM micrograph of a hexagonal shaped particle and d) zoom of the area marked with yellow given to present the

measured interplanar distances

For ZnS/CNTs heterostructure preparation, a high
temperature sulfurization of as-deposited
Zn@ZnO/CNTs structure was performed (Fig. 1). The
morphological and chemical characterization results
are summarized in Fig. 5. From the SEM images
illustrated in Fig. 5 a) we discovered that due to
sulfurization the particles have increased their size and
changed their morphology. For this system we have
distinguished again a bimodal distribution with
nanoparticles presenting sizes between: 1) 8-18 nm and
ii) 180-330 nm. Regarding their morphology we
observe that almost all particles have lost their initial
hexagonal shape which turned to be more spherical
after sulfurization. From the HR-TEM images we
could measure the interplanar distances d; = 0.31 nm
(100) and d> = 0.33 nm (002) specific to the ZnS
component with a hexagonal phase. These results were
confirmed by the XRD analysis presented in Fig. 5 b),
where the hexagonal (wurtzite-6H, hexagonal, P63mc.
JCPDS card 01-089-2739) phase of ZnS deposited on
CNTs supported on Al foil (sharp peaks at 44.69°,

65.05 and 78.21° 26) can be identified. Using the
Halder-Wagner analysis, the volumetric apparent
crystallite size of ZnS is 7 nm with no microstrain.
This is in agreement with TEM observation as it
corresponds to the first bimodal size distribution. The
second one probably corresponds to an
agglomeration/aggregation of these crystallites into
spherical nanoparticles.

The corresponding STEM-HAADF-EDS analysis of
ZnS/CNTs (Fig. S4 in supplementary file) shows that
the S content is a bit higher than that of Zn, which is in
accordance with EDS results of as deposited
Zn@Zn0, having higher amount of O than Zn (Table
S2). This was expected since O ions were exchanged
with S and the sulfurization parameters were
optimized to get minimum amount of O thus, as much
as possible pure ZnS on CNTs.



Nanotechnology, 2023, Volume 34, Number 49, 495704
DOI110.1088/1361-6528/acf6c8

a)

b)

s
o
S
4,54 o
g o Al
,; . ® ZnS
S a0 /\ | 8
=l o @
< \ g £ g -
= 1/ _3) ¢ & g
% 354 # E;TJ /\ N o
2 ) @

Figure 5. a) SEM micrograph, b) GIXRD pattern of ZnS on CNTs, obtained after sulfurization of ZnO as deposited on
CNTs, ¢) TEM micrograph with 2 squared areas zoomed in d) and e) to present the measured interplanar distances

The ultimate goal of this research was to obtain the
mixed phase ZnO@ZnS, and to investigate the form in
which it resulted after the secondary annealing of
ZnO/CNTs in S vapor (firstly annealed in H,O vapor,
see Fig. 1). As seen from Fig. 6 the annealing in S
vapor did not change the hexagonal pellet-like
morphology of the particles. The recorded XRD
pattern shows clearly the ZnO phase (hexagonal,

P63mc. JCPDS card 00-036-1451), where the
crystallite size is estimated to be 12 nm using Halder-
Wagner plot. The small broad peak at 26 of 52.30°
could be attributed to ZnS wurtzite phase (JCPDS card
01-089-2739), but all the other peaks were overlapping
with very broad peaks of ZnO. The Scherrer formula
gives a crystallite size about 65 nm. What is more,
HRTEM measurement of interplanar distances
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performed on several fragments showed a mismatch
with the crystallography data corresponding to ZnO.
However, there were fragments with d; = 0.310 nm,
which may be assigned to ZnS. Still, some fragments
with d; = 0.285 nm were observed, which is attributed
to (100) plane of ZnO zincite. Therefore, further
STEM/EDS analysis had to be performed and the EDS
analysis confirmed the presence of S in a ratio of at. %
Zn:0:S = 3:2:1 (see Supplementary file, Table S3).
However, at closer look (Fig. 7), it appears that S is
spread everywhere, not that localized to the analyzed
particles whose signal for Zn and O are more intense
than aside. Therefore, we can reasonably assume that
the big particles are indeed ZnO with an outer cover
layer of ZnS. Moreover, it is to be expected that the

small particles present all along CNTs can more easil
a)

be sulfurized. Similar finding was reported by Ahn et
al. [30] where they reported ZnS nanoparticles being
spontaneously formed during the sulfidation of ZnO at
a certain reaction temperature. The ZnS
grains were primarily formed at the surface of ZnO
because the sulfidation began from the top surface
exposed to S source. Furthermore, Cheng et al.
demonstrated the ZnO@ZnS  heterostructure
synthesis, also implying that ZnS is firstly being
formed at the surface of ZnO, and then some part of S
diffuses to the core of ZnO [31]. This is why smaller
ZnO were more easy to sulfurize and those very small
ZnS are difficult to detect on XRD and distinguish
from bigger ZnO particles with probable ZnS outer
layer.

b)
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Figure 6. a) SEM micrograph, b) GIXRD pattern, c) STEM image of ZnO/CNTs after annealing in S vapor, d) and e)

HRTEM micrographs with the measured interplanar distances
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CKal_ 2

Figure 7. STEM-HAADF EDS chemical analysis of an area specific to the ZnO/CNTs structure after annealing in S vapor:
a) STEM-HAADF image and b) its corresponding chemical mapping with the C component in red c), the Zn in blue d), the

S in violet e), and O component in green f)
3.2 Photocatalytic activity

In order to explore the differences in optical properties
of the synthesized samples, the DRS spectra were
recorded. Using the transformed Kubelka Munk
function F(R) = (1-R)%(2R), where R is the measured
reflectance in %, the Tauc plot is used to estimate the
bang-gap energies of the heterostructures (Fig. 8)[32].
The CNTs film showed an absorbance in wide range,
up to 765 nm. It is expected that multi-wall CNTs
cannot produce the free photogenerated electrons and
therefore they cannot be used as photocatalysts by
themselves [33]. However, CNTs can have a positive
effect on the optical properties of ZnO and ZnS, seen
as the narrowing of the band gap, since for the bare
ZnO0, the band gap is 3.2 eV nm and for the bare ZnS
3.73 eV. For the obtained ZnO/CNTs and ZnS/CNTs
films the estimated band gaps were: 2.98 eV and 3.35
eV, respectively. 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
macromolecular sensitizer that caused the narrowing
of the bang gap of ZnO-ZnS heterostructures
compared to the samples without graphene. Moreover,

we can emphasize the marked additional enhancement
of absorbance of the S-ZnO/CNTs sample. We can
infer that the S incorporation in ZnO induces a
narrowing of the band gap, by mixing the S p states
with O p states [35]. Therefore, this study highlights
the two sides benefit, one originating from CNTs as a
support and another from the S doping of ZnO.

Other reported values for absorption edge of
ZnS/CNTs heterostructures are either shifted to lower
wavelength, which is attributed to quantum size of ZnS
nanoparticles [28, 29],[38] or are remaining the same
as for bulk ZnS [14]. The observed red shift of
absorbance in our sample is to be related to the
bimodal size distribution of ZnS particles, where
bigger ones are in range 180-330 nm. This does not
mean that we do not have small nanoparticles in
possible quantum regime, but the contribution of
CNTs incorporation is more evident, as previously
reported for similar structures, i.e. where graphene
served as photosensitizer of ZnO-ZnS heterostructures
[34]. We assume that we have the synergistic effect of
ZnS-ZnO/CNTs hybridization that promoted the band
gap narrowing compared to the bare ZnO and ZnS.
What is more, the ZnO/CNTs structure obtained here
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showed a remarkable absorption enhancement with
regards to the previously reported values of similar
structures i.e. by Phin et al [13], or Choi et al [33]. On
the other hand, the S-doped ZnO nanoflowers
synthetized by Zhang’s group [23], showed bigger
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band gap narrowing, than compared to the value of the
Zn0O; xSx@CNTs obtained here. This may indicate
that S in our case was not incorporated in high amount
in the ZnO structure and/or we obtained just a thin
layer of ZnS covering a ZnO core.

3.0
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Figure 8. a) Kubelka-Munk function and b) Tauc plot obtained from DRS spectra of the bare CNTs film and CNTs
heterostructures, where the spectrum of CNTs is given in violet, spectrum of ZnO/CNTs in black, ZnS/CNTs in red and S-

ZnO/CNTs in blue

The photocatalytic activity of the three different
heterostructured samples were compared and the
results are summarized in Fig. 9. We can remark that
for the monitored photolysis in absence of catalyst, the
dye degraded at 27 % after 6 h, level of degradation
that was close to the results using just CNTs film (not
shown here). This value is attained with the use of any
of the studied heterostructured catalyst 4-6 times
faster, within 60-90 min. Furthermore, among the
studied heterostructured catalysts, the ZnO;xS/CNTs
showed the best efficiency by degrading the dye at
80 % in 6 h, whereas ZnO/CNTs reached 68 % and
ZnS/CNTs 72 % degradation respectively. The
photodegradation kinetics follows the
pseudo first order equation,
In(co/c;) = kt, where k is the rate constant, ¢ and c; are
the initial and final concentration of the MB dye at
time ‘t’, respectively and the rate constant plot is given
in Fig. 9b. By applying linear fitting, the rate constants
were calculated to be: 3.07 x 107 min' for
ZnO/CNTs, 3.70 x 10> min "' for ZnS/CNTs and 4.63
x 107 min ™' for ZnO,S1x/CNTs catalysts.

We assume that S doping and/or creation ZnS
outerlayer of ZnO give benefit to the photocatalytic
performance of pure ZnO since under the light
exposure, the photogenerated electrons pass from
the conduction band of ZnS to the corresponding band
of ZnO and hole transfer occurs from the valence band
of ZnO to that of ZnS. The simultaneous transfer of
electrons and holes in the ZnO-ZnS system should

increase both the yield and the lifetime of charge
carriers, in which the photogenerated electrons can be
further captured by CNTs, whereas the holes attack the
dye molecules. The photocatalysis efficiency is
therefore significantly enhanced. This mechanism is
proposed by Lin et al. [39]. Yu et al. also reported that
the O, adsorbed on the surface of CNTs could accept
photogenerated electron from the catalyst and in the
presence of H" immediately forms a very reactive OH
that eliminates organic molecules of a pollutant [40].

Herein we present the effective way to obtain a direct
and stable contact between the deposit and CNTs by
applying the non-thermal plasma treatment of the as-
synthetized CNTs [41]. This was important to ensure
efficient electron transfer from the photoactive
material to CNTs [42]. It is to note that an optimization
of the PED parameters was performed in order to
assure a good dispersion of the deposit without
agglomeration as this is prerequisite to ensure the high
specific surface for photocatalytic reactions.
Additionally, the electron-hole recombination which
would otherwise happen at the grain boundaries of an
agglomerated catalyst is decreased. The transfer of
photoexcited electron from the catalyst to CNTs is
expected to be faster than the recombination [43].
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Figure 9. Photodegradation kinetics (ci/co vs. time) and b) Rate constant plot (In(co/c;) = kt) of the different

heterostructured samples.

4 Conclusion

Photocatalytic active  ZnO;xSx@CNTs
heterostructures have been synthesized using a
bottom-up process with vertically aligned
carpets of surface modified CNTs as support for
Zn nanoparticles electrodeposition and
subsequent oxidation/sulfurization of the later.
By combining controlled CNT’s outer wall
point defects creation and optimization of the
electrodeposition parameters, we succeed to
obtained well dispersed  nanoparticles
deposition all along CNTs’ outer walls. The
HRTEM study evidenced the presence of
hexagonal ZnO along the CNTs, whereas the
XRD analysis was consistent with a mixed
deposit of pure Zn and a small amount of
hexagonal ZnO. We can thus assume that ZnO
is a cover shell layer of the electrodeposited Zn
particles. Subsequent annealing in H>O vapors
successfully yielded a pure ZnO hexagonal
phase with no notable particles’ morphology
change. ZnS@CNTs heterostructure was
obtained by the annealing of Zn@ZnO/CNTs
starting material in S vapor. The composition of
the deposit was investigated by XRD analysis
and the HRTEM/EDS measurements that
confirmed that hexagonal ZnS was obtained.
With the aim to produce ZnO;xSx@CNTs
heterostructures, the effect of a two-steps
annealing, first in H,O and subsequently in S
vapors, was also investigated. The benefit of the
low-temperature annealing in S vapor and
obtaining a ZnO;.xSx@CNTs heterostructures
was evidenced by DRS absorption analysis that
highlighted the narrowing of the bang gap to

2.87 eV. It is also worth noticing that due to the
CNTs, all the three types of heterostructures
investigated exhibited an additional absorption
red shift as compared to the wvalues of
absorption edges for pure ZnO and ZnS. This
would mean that CNTs served as an optical
sensitizer of the structures. The enhanced
absorption properties are to be related to the
measured improved photocatalytic behavior
since the ZnOxSx@CNTs heteronanostructure
showed the best efficiency by decolorizing the
dye at 80 % in 6 h, whereas ZnO@CNTs
achieved degradation at 68 % and respectively
at 72 % for ZnS@CNTs.

Further investigations about the nonthermal
plasma treatment influence on the surface
defects creation on CNTs and subsequent Zn
and similar transition metals and their oxides
are undergoing.
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Fig. S1. Diameter size distribution histogram of the pristine CNTs
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Fig. S2. STEM-HAADF EDS chemical analysis of an area specific to the Zn@ZnO/CNTs structure:
a) STEM-HAADF image and b) its corresponding chemical mapping with the Zn component in blue
(c), the O in green (d) and the C component in red (e)

Table S1. Chemical composition of the analyzed fragment presented in Fig. S1, obtained by
EDS analysis (Cu originates from the TEM grid)

Element C Ko OK Si K Cu K Zn K Total
line
At. % 19.5 46.7 1.1 2.6 30.1 100.0
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Fig. S3 EDS point analysis of the Zn as eposited on CNTs
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Fig. S4. STEM-HAADF EDS chemical analysis of an area specific to the ZnS/CNTs structure: a)
STEM-HAADF image and b) its corresponding chemical mapping with the Zn component in blue c),
the S in violet d), and the C component in red e)

Table S2. Chemical composition of the analyzed fragment presented in Fig. 6, obtained by

EDS analysis

Element C Ka OK Si K Cu K Zn K SK Total
line
At. % 92.5 0.9 0.6 0.6 2.4 3.1 100.0

Table S3. Chemical composition of the analyzed fragment presented in Fig. 7, obtained by

EDS analysis

Element C Ko OK Si K Cu K Zn K SK Total
line
At. % 62.7 10.4 2.0 3.8 15.2 59 100.0




