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Abstract: The use of ZnO as a photocatalyst with a reduced recombination rate of charge carriers
and maximum visible light harvesting remains a challenge for researchers. Herein, we designed
and synthesized a unique La/ZnO/CNTs heterojunction system via a sol–gel method to evaluate its
photocatalytic performance for hydrogen evolution. A ferrocene powder catalyst was tested for the
production of CNT forests over Si/SiO2/Al2O3 substrate. A chemical vapor deposition (CVD) route
was followed for the forest growth of CNTs. The La/ZnO/CNTs composite showed improved photo-
catalytic efficiency towards hydrogen evolution (184.8 mmol/h) in contrast to 10.2 mmol/h of pristine
ZnO. The characterization results show that promoted photocatalytic activity over La/ZnO/NTs is
attributed to the spatial separation of the charge carriers and extended optical absorption towards
the visible light spectrum. The optimum photocatalyst shows a 16 h cycle performance for hydrogen
evolution. The H2 evolution rate under visible light illumination reached 10.2 mmol/h, 145.9 mmol/h
and 184.8 mmol/h over ZnO, La/ZnO and La/ZnO/CNTs, respectively. Among the prepared photo-
catalysts, ZnO showed the lowest H2 evolution rate due to the fast recombination of electron–hole
pairs than heterojunction photocatalysts. This research paves the way for the development of ZnO and
CNT-based photocatalysts with a wide optical response and reduced charge carrier recombinations.

Keywords: zinc oxide; carbon nanotube forest; lanthanum; photocatalytic activity; hydrogen production

1. Introduction

ZnO is a semiconductor photocatalyst with high oxidative potential, excellent photo-
sensitivity, moderate stability, and variable band structure, which has sparked widespread
interest in photocatalytic fuel production and environmental remediation [1]. Pristine
ZnO, however, does not respond well to the visible part of the light spectrum when used
as a photocatalyst. The photocatalytic activity of pristine ZnO is also hampered by the
rapid recombination of excitons and photocorrosion [2]. These issues can be addressed by
incorporating rare-earth oxides and carbonaceous materials into ZnO. Rare-earth metals
are recognized for their large surface area and high charge carrier trapping ability, which
can greatly reduce the recombination of excitons. The greater ionic radius of rare-earth ions
than Zn2+ ions is expected to cause lattice distortions in ZnO, increasing the lattice constant
and reducing the ZnO band gap. According to some studies, the rare-earth element-doped
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ZnO lattice expands due to the formation of structural defects in the form of oxygen
vacancies. These vacancies work as charge trap centers and prolong the recombination
time for charge carriers [3,4]. The rare-earth elements in the structure boost the electron
mobility by producing extra charge carriers when Zn2+ is replaced with rare-earth ions. The
carbonaceous material, on the other hand, produces defective Zn-O-C bonds in the lattice to
bring a change in the activation range of ZnO from the ultraviolet to visible light spectrum.
CNTs, in this regard, are captivating the attention of the research community because of
their remarkable physical, thermal, electrochemical, and mechanical characteristics [5].

CNTs can be employed as a support material for producing efficient photocatalysts’
materials for photocatalytic hydrogen evolution and the treatment of the environment.
CNTs show a larger surface area, high electrical and thermal stability and excellent charge
mobility. CNTs can be utilized as a photosensitizer in a photocatalyst design to generate
a large number of electrons during photocatalytic reactions. These electrons jump from the
valance band to the conduction band to expedite the reaction rate by reducing the energy
band gap of the photocatalyst [6]. At the same time, CNTs act as an electron sink. The
electrons become trapped in CNT structure and therefore do not spontaneously return
to the valance band. Oliveira et al. [7] revealed the better photocatalytic performance of
ZnO/CNTs photocatalyst than the pristine ZnO probably due to a shift in the absorption
light range. The photocatalytic activity can be further improved by combining rare-earth
elements with ZnO/CNTs system. For example, high photocatalytic activity is possible
by doping ZnO with Nd and compositing with CNTs. The Ag–ZnO@Fe3O4/CNTs and
ZnO/Zn–C nanofiber type composites are also reported for high photocatalytic perfor-
mance under visible light irradiation [8]. The silver and Zn–C nanofibers in the composite
cause a red shift in absorption by forming intermediate energy levels, which trap the charge
carriers to enhance the photocatalytic performance. Similarly, a synergism effect of cationic
doped ZnO and CNTs also improves the light absorption and delays the recombination of
charges, as reported by Toloman et al. [9]. Similarly, Elias et al. [10] doped ZnO with V and
La to produce a V-La/ZnO/CNTs photocatalyst for hydrogen production. They reported
higher photocatalytic activity for the composite than the pristine ZnO.

In photocatalytic H2 evolution over a La/ZnO/CNT photocatalyst under light irradia-
tion, photoinduced electrons in ZnO migrate from the valance band to the conduction band,
leaving holes in the valance band. These electrons in the conduction band are captured
by La ions and thus transported to the surface of ZnO. Meanwhile, due to their role as
photosensitizers and electron sinks, conduction band electrons flow towards CNTs, accel-
erating the transport of electrons to the surface of ZnO. This action of CNTs enhances the
separation between the chare carriers. The electrons in the conduction band interact with
H+ to form H2, whereas holes in the valance band are scavenged by the sacrificial reagent.
As a result of the synergy between CNTs, La, and ZnO, the creation of La/ZnO/CNTs
composite causes improved the separation of photoinduced charges, which enhances H2
evolution under light irradiation.

The performance of CNT support in a composite photocatalyst largely relies on its
structural formation and purity. Most of the previously reported work on composite
photocatalysts was carried out by taking commercially available CNTs without studying
their purity and structural defects. The lack of information on the structural parameters
minimizes the role of CNTs in photocatalytic activity. CNTs’ structures can be produced
through different routes such as arc discharge, the laser breakdown of metals, hydrothermal
method, plasma discharge method, chemical vapor deposition [11–13]. CVD is the best
and most popular technique for producing high-quality CNTs. Being the simplest and
most economical method of production of CNTs, CVD is mostly used for the large-scale
production of CNTs [14]. This process is considered the most efficient synthesis method of
CNTs, both qualitatively and quantitatively. Baddour and Briens [15] reported that catalytic
techniques such as CVD are relatively easier to execute since these have a low production
cost and are less energy-intensive. José-Yacamán et al. [16] first developed a catalytic CVD
method to produce CNTs. In this method, CNTs are produced by using catalytic materials
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to decompose carbon-containing molecules. Ethylene, ethanol, methane, hexane, anthracite,
carbon monoxide, naphthalene, carbon dioxide, benzene, and acetylene are widely used
carbon precursors. The method of electrical or thermal energy splits the molecule into
atomic carbon, which shows high reactivity. Several specific process variables, such as
metal catalysts, catalyst support, source and concentration of hydrocarbons, flowrates,
temperature and time, among others, significantly affect the structural properties and yield
of the final product. Therefore, it is not an easy task to find suitable conditions in which the
CNT material of specific characteristics can be produced [17].

In the reported work, a forest of CNTs was grown over Si/SiO2/Al2O3-supported
ferrocene catalyst by considering a catalytic CVD method. The produced CNTs were
ultrasonically processed, characterized for the structural formation and finally used to
produce the La/ZnO/CNT composite for hydrogen production. There is no publication
on La/ZnO/CNT employing Si/SiO2/Al2O3 as a support material for CNT production.
Moreover, the prepared photocatalyst showed remarkable stability for H2 evolution.

2. Materials and Methods
2.1. Production of CNT Forest

In the first step, silicon/silica/alumina (Si/SiO2/Al2O3) substrates were prepared
by taking 2 cm × 2 cm pieces of the silicon wafer. The thickness of the wafer was 10 nm.
These p-type silicon (100) wafers were cleaned using a wet cleaning technique. It is
a standard cleaning technique used to clean silicon wafers before performing oxidation,
diffusion and CVD processes. As illustrated in Figure 1, the dry thermal oxidation of
the silicon (Si) was performed to grow a 5 nm-thick silica (SiO2) layer on Si wafer. For
thermal oxidation, Si wafers were placed in a tube furnace. Since vertical tube furnaces are
higher than horizontal tube furnaces, some micro-fabrication setups have difficulty using
vertical furnaces. Therefore, a horizontal furnace was used to prepare the substrates. The
furnace temperature was increased to 1100 ◦C in an argon-rich environment. Dry thermal
oxidation is usually performed in the range of 800–1200 ◦C. After gaining the desired
temperature, the oxygen gas was supplied in the tube for 4 h. Since silicon is reactive to
oxygen, an amorphous SiO2 layer is formed immediately after the reaction between silicon
and oxygen. The molecular oxygen works as an oxidant in the following oxidation reaction:
Si + O2 → SiO2. The layered substrate was cooled down under argon flow. A SiO2 layer of
Si substrate eliminates Si effectiveness and outlines the growth of CNTs.

Figure 1. Illustration of the steps involved in the fabrication of Si/SiO2/Al2O3 substrate and CVD
grow of CNT forest.

A 15 nm film of Al2O3 was grown over the SiO2 layer. The Al2O3 buffer layer was
grown over the substrate using an evaporation process. The beam evaporation is a low-
cost, simple layer deposition technology for growing well-crystallized oxide layers. The
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post-deposition annealing of the substrate was performed at 600 ◦C. This multi-layered
substrate structure with an SiO2 layer sandwiched between the upper Al2O3 layer and
lower Si was used to grow MWCNTs. Ferrocene was used as a catalyst for CNT forest
growth over the Si/SiO2/Al2O3 substrate. The optimized CVD conditions, as reported in
our previous study, were used to produce a forest of MWCNTs.

A split zone tube furnace was used in the CVD method as illustrated in Figure 1. The
substrate was placed in zone-2 while the Fe(C2H5)2 catalyst was placed in zone-1. The
precursor and carrier gases were passed from zone-1 into zone-2 at 800 ◦C temperature.
Under these heating conditions, Fe(C2H5)2 particles turned into Fe particles, which work
as a catalyst seed for cracking hydrocarbon (ethylene) into graphitic carbon. The process
temperature was raised to the desired level under an argon gas flowrate of 40 sccm.
Ethylene and hydrogen were also supplied into the tube at set flowrates of 60 sccm and
100 sccm. The ethylene molecules cracked into hydrogen and carbon over Fe particles. The
carbon atoms deposit over the substrate and grow into forest form. The forest growth was
sustained for one hour. The nanotubes were removed from the substrate by performing
sonication for 30 min. The surface morphology, purity, internal structure and surface defects
of CNTs were studied before being used in the synthesis of a composite photocatalyst.

2.2. Characterization of Samples

X-ray diffraction analysis of the prepared samples was carried out to analyze their
structural phase development, lattice parameters, structural defects and crystallite size.
An X-ray diffractometer (Bruker D8 XRD) was used to produce diffraction patterns, oper-
ated with a 40 kV source. A Cu–Kα radiation source with a wavelength of 1.54 Å was used
as an X-rays beam. The photoluminescence analysis was conducted with an instrument
model iDus-420 to determine the band gap energy and luminescence of the pure and com-
posite photocatalysts. A scanning electron microscope (Nova-Nano) was used to produce
images of surface morphology of the produced photocatalysts. A double beam UV–Vis
spectrophotometer (CE-7200) was employed to produce the UV spectra of the adsorbents.
A TGA/DSC instrument was used to obtain the thermogravimetry profiles of the samples
in the temperature range of 100–900 ◦C. An RMP-510 Raman Spectrometer was used to
produce the Raman spectra of the samples.

2.3. Production of La/ZnO/CNTs Photocatalyst

A simple and inexpensive sol–gel route was followed to prepare La/ZnO/CNTs com-
posite as follows: 30 g of lanthanum acetate and zinc acetate were dispersed in 130 mL of
DI water and 0.3 g of as-prepared carbon nanotubes were added to the mixture solution
for the fabrication of La/ZnO/CNTs composite. The carbon nanotubes were first function-
alized in an aqueous solution of sulfuric acid and nitric acid in a ratio of 4:1 owing to the
insolubility of carbon nanotubes in organic solvents because of their stable structure and
carbon element. The solution was magnetically stirred at 90 ◦C for 1 h to attain the obvious
sol with a dropwise addition of ammonia to reach the solution pH of 9. Afterward, the
aged particles were washed with ethanol and DI water and centrifuged to wipe out any
traces of impurity. To obtain the final product for the characterization and photocatalytic
tests, the as-obtained product was heat-treated in an industrial oven at 120 ◦C for 12 h
followed by calcination at 700 ◦C for 3 h.

2.4. Hydrogen Evolution Experiments

Using a water–glycerol combination, the hydrogen production efficiency of the as-
prepared ZnO-based photocatalysts was tested under visible light exposure. The H2
evolution tests were conducted using a heat-free 300 W Xe light source fitted with a UV
filter and positioned at 0.012 m away from the quartz reactor. The typical spectral intensity
plot of the Xe light is given in Figure 2. This information was extracted from the link:
https://www.gmp.ch/htmlarea/pdf/asahi_pdf/max302.pdf (accessed on 24 April 2022).
To conduct a photocatalytic reaction, 25 mg of the as-prepared sample was magnetically
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mixed in 80 mL aqueous solution containing 10% of glycerol and stirred to obtain the
uniformity of the solution. The hydrogen production in the photocatalytic reaction was
assessed after each hour of the light exposure.

Figure 2. The spectral intensity of Xe light source.

3. Results and Discussion
3.1. Structural Formation and Surface Morphology

The SEM micrograph of the CNT forest is shown in Figure 3(a1), which reveals the
dense and uniform growth of CNT structures. The highly magnified SEM micrograph of
the forest is shown in Figure 3(a2). The fine structures with uniform diameter distribution
are evident in the magnified micrograph. Some microscopic particles were also found in
the CNT forest, representing catalyst particles dissolved in the CNTs during sonication.
CNTs were the least entangled and most discernible in the enlarged SEM images. At high
magnification, no surface flaws, sharp edges, branching formations, or end-capping were
seen. The tube length varied from a few micrometers to several micrometers. Danafar
et al. [18] employed various ferrocene particle sizes and weights to create CNTs. They
discovered that the catalyst weight influences both the amount and the structural devel-
opment of nanotubes. However, their research found an inverse link between the particle
size and formation rate. A high surface area-to-volume ratio is responsible for increased
formation rate as particle size decreases. For the same catalyst weight, the reactive surface
area increases as the particle size decreases. The catalyst’s catalytic activity improves as the
reactive surface area increases, as does the yield and structure formation.

The SEM images of the as-prepared Al/ZnO/CNTs photocatalyst clearly show that
La and ZnO particles were grown on the surface of CNTs. The presence of CNTs promoted
the abundance of catalytic sites and thereby provided the intimate contact between La and
ZnO to accelerate the photocatalytic activity. Moreover, based on previous studies, the
intimate contact between ZnO and CNTs can increase the transmission and separation of
charge carriers to support the photocatalytic H2 evolution activity.

Figure 4a,b show TEM images of a nanotube with wall defects and La/ZnO/CNTs com-
posite, respectively. The structural planes and chemical composition of the La/ZnO/CNTs
composite are shown in Figure 4c,d, respectively. These analyses clearly show the depo-
sition of ZnO and La particles on the CNT structure. The underlying morphology and
multi-layered creation of CNT structures was explored by high-resolution TEM scans. The
inner bore diameter, exterior bore diameter, number of concentric layers, and distance
between subsequent layers may all be measured. The internal bore and outside tube
diameters were almost identical throughout the tube’s length. Impurity particles, most
likely catalyst particles or defects in the multiwalled growth, were also found in the tube
structures. During the diffusion and precipitation stages, some particles may have been
trapped by the carbon. The over-precipitation of carbon at various time periods during the
formation of structures is responsible for the dark patches seen inside the concentric layers.
This demonstrates that structural defects may be reduced by adjusting the catalyst weight.
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Figure 3. (a1) SEM image of the CNT forest; (a2) magnified SEM image of CNTs removed from the
substrate through sonication; (b1) SEM image of La/ZnO/CNTs composite photocatalyst; and (b2)
magnified SEM image of La/ZnO/CNTs composite photocatalyst showing the deposition of ZnO
and La particles on the tube structure.

Figure 4. (a) TEM morphology of pristine CNTs; (b) TEM morphology of La/ZnO/CNTs composite;
(c) XRD pattern of La/ZnO/CNTs composite; and (d) EDX pattern of La/ZnO/CNTs composite
photocatalyst.
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The spacing between consecutive layers remained between 0.34 nm and 0.35 nm [19].
The smallest spacing of 0.34 nm was measured in CNT structures. Smaller spacing reflects
the close packing of multilayers within individual structures and reduced structural de-
fects. The electrical and mechanical character of CNTs also increases with close packing.
The average diameter of CNT structures was measured to be approximately 32–38 nm.
Lanzani et al. [20] reported that the encapsulation of seed particles by the tube results in
an increase in tube diameter and structural defects. Hayashi et al. [21] used a similar
substrate to grow CNT forests using thermal CVD at 700 ◦C. They used Al2O3-supported
Fe catalyst and acetylene/hydrogen/nitrogen gas mixture to produce CNT structures.
They were able to grow a CNT forest of 0.6 mm height. They also reported that the initial
disorder and seed trapping in structures discontinue the formation of continuous CNT
structures before reaching the maximum height. The tube thickness increased with the size
of catalyst seed. Augiar et al. [22] also used a similar substrate to grow CNT structures.
They stated that the nature of the interaction between the substrate and catalyst seeds is
also of critical importance in the growth mechanism. However, this mechanism is not fully
understood yet.

The XRD pattern of La/ZnO/CNTs is shown in Figure 4c, which confirms the hexago-
nal wurtzite phase of ZnO as matched with JCPDs 89-0510. The XRD peaks at 2θ values of
31.73, 34.36 and 36.18 belong to principal planes (100), (002) and (101) of ZnO. Furthermore,
the XRD pattern of the La/ZnO/CNTs composite photocatalyst shows two more diffraction
peaks of CNTs at 2θ of 26.14◦ and 43.31◦, which correspond to (002) and (100) crystal planes,
respectively. The diffraction peak at 2θ of 26.14◦ indicates C (002) reflection of the graphite
structure of CNTs. The crystallite size, determined by the Scherrer formula, was roughly
34 nm and 26 nm for ZnO and La/ZnO/CNTs, identifying the effective role of La and
CNTs in suppressing the crystal growth of ZnO. The smaller crystallite size can increase
the surface area to provide more active sites to accelerate the photocatalytic activity. The
EDX spectrum of the La/ZnO/CNTs composite is depicted in Figure 4d, where Zn, O, La
and C elements were identified as the main contributing elements. No trace elements or
impurities were found, revealing the successful synthesis of La/ZnO/CNTs.

3.2. Structural Purity and Weight Loss Analysis

Raman spectroscopy and TGA analyses were used to evaluate the crystallinity and
weight loss of pristine CNTs and La/ZnO/CNTs composite photocatalyst. Raman spectra
provide two important bands, namely the D-band and G-band. An intense D-band indicates
high structural defects and low crystallinity of CNT structures. Conversely, an intense
D-band is an indication of the growth of highly crystalline structures [23]. Figure 5 shows
the Raman spectra of pristine CNTs and La/ZnO/CNTs composite photocatalyst. These
spectra show that the D-band appears in the Raman shift range of 1344–1364 cm−1 while
the G-band appears in the Raman shift range of 1571–1608 cm−1. The G-bands near
1583 cm−1 for pristine CNTs are sourced by the C–C bond starching of graphite. This bond
starching is common in sp2 hybridized carbon systems. If the ratio of intensities of the
defective and graphitic band (ID/IG) is low, the structure would be more graphitic. The
ID/IG ratio of pristine CNTs and La/ZnO/CNTs composite photocatalyst was measured
to be approximately 0.71 and 0.85, respectively. This ratio indicates better the structural
growth of pristine CNTs and high surface roughness in the La/ZnO/CNTs composite due
to the deposition of La and ZnO particles on the tube structure. The surface roughness
and structural defects are generally supportive of high photocatalytic activity due to the
production and trapping of the electrons.
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Figure 5. Raman spectra of pristine CNTs and La/ZnO/CNTs composite photocatalyst.

Figure 6 shows the TGA profiles of pristine CNTs, sonicated CNTs, and La/ZnO/CNTs
composite photocatalyst. TGA profiles are used to assess the purity of nanostructures.
The changes in TGA profiles are marked by onset point, weight loss, and endpoint. The
onset point is the temperature at which the sample starts losing weight. The endpoint is
the temperature from which the sample did not lose any further weight. The percentage
weight below this curve shows the presence of impurities in the sample in the form of
residue. The percentage weight lost between the onset and endpoints shows the percentage
purity of CNT structures. Sometimes, there are some variations in the TGA profile just
before reaching the onset point temperature, which shows the presence of moisture in
the sample. In this study, no moisture content was observed in the CNT structures. The
maximum weight loss was measured for sonicated CNTs, followed by pristine CNTs and
La/ZnO/CNTs composite photocatalyst. The large weight loss is referred to the high purity
of the structures.

Figure 6. TGA profiles of pristine CNTs, sonicated CNTs and La/ZnO/CNTs composite photocatalyst.

The residual of sonicated CNT structures was approximately 6%, indicating the 94%
purity of the nanostructures. The catalyst particles, amorphous carbon, and/or alumina
particles, which appeared during the removal of the nanotubes from the surface of the
substrate, may be present in the residue. The onset point is the start of the decomposi-
tion of the sample and the point where the sample decomposes completely is called the
endpoint. Below this point, only impurities were left in the sample while CNT structures
were completely decomposed. The published literature shows that the endpoint of multi-
walled CNT structures falls within 400 ◦C and 650 ◦C while the endpoint of single-walled
CNT structures and amorphous carbon falls within 350 ◦C and 500 ◦C and 200 ◦C and
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300 ◦C, respectively [24]. The endpoint temperature of the reported structures remained
between 540 ◦C and 590 ◦C, which confirms the formation of a multiwalled CNTs-based
composite photocatalyst.

3.3. Cyclic Voltammetry of Photocatalyst

The PL analysis revealed a typical ZnO emission band in the UV region due to electron–
hole recombinations. The PL emissions from La/ZnO and La/ZnO/CNTs showed a shift
towards a longer wavelength than pure ZnO, identifying a decrease in the optical band gap
to assist the photocatalytic process. The PL emission intensity of the UV band decreased in
the order of ZnO > La/ZnO > La/ZnO/CNT. Usually, the smaller PL emission intensity
of the sample reveals the greater suppression of charge carriers. Obviously, the combined
effect of La and CNTs effectively reduces the recombination of charge carriers, which can
be helpful in boosting photocatalytic hydrogen evolution activity. CV analysis was carried
out to confirm the efficient transmission of charge carriers over as-prepared photocatalysts,
and the results are shown in Figure 7. It is evident that pure ZnO showed the smallest
anodic and cathodic peak current, which identifies its poor charge transportability. The
La/ZnO/CNTs composite showed the highest anodic and cathodic peaks current to confirm
the swift charge transfer due to the effective role of La and CNTs. Therefore, the CV results
clearly show that the enhanced transfer of charge carriers on the surface of La/ZnO/CNTs,
in contrast to bare ZnO, can be assigned to the promoted charge transmission capability of
CNTs. Moreover, enhanced current with lower peak-to-peak potential strongly confirms
the decreased interfacial resistance for charge migration in redox reactions.

Figure 7. Cyclic voltammetry profiles of pristine ZnO, La/ZnO, and La/ZnO/CNTs composite
photocatalyst.

To study the optical absorption properties, the optical absorption spectra of as-
prepared photocatalysts are shown in Figure 8. Compared to pure ZnO, the optical absorp-
tion of La/ZnO shifted towards a longer wavelength with an absorption edge at 390 nm.
The improved absorption could be attributed to the presence of La ions, which lowered the
optical band gap and thereby increased the optical absorption. Similarly, La/ZnO/CNTs



Materials 2022, 15, 3226 10 of 13

showed a further redshift in the optical absorption due to the influential role of CNTs.
Therefore, it is obvious that a synergistic effect between La and CNTs significantly increases
the optical absorption behavior of ZnO to enhance the photocatalytic activity.

Figure 8. Optical absorption spectra of pristine ZnO, La/ZnO, and La/ZnO/CNTs composite photocatalyst.

3.4. Hydrogen Evolution

Figure 9a reports the photocatalytic H2 evolution rate over pristine ZnO, La/ZnO and
La/ZnO/CNTs photocatalysts under visible light illumination. It is observed that the H2
evolution rate after 4 h of visible light illumination reached 10.2 mmol/h, 145.9 mmol/h and
184.8 mmol/h over ZnO, La/ZnO and La/ZnO/CNTs, respectively. Among the prepared
photocatalysts, ZnO showed the lowest H2 evolution rate of 10.2 mmol/h, which may be
referred to as the rapid recombination of charge carriers. In contrast to pure ZnO, La/ZnO
showed a much higher H2 evolution rate under visible light illumination. An increase in
the H2 evolution rate over La/ZnO was attributed to the effective role of La in the ZnO
lattice to enhance the separation between electrons and holes, as confirmed through Pl
analysis [25,26]. The optimum H2 evolution rate was obtained over the La/ZnO/CNTs
composite, which identifies the effective role of CNTs in suppressing the recombination of
charge carriers and providing abundant active sites. To test the recyclability and stability of
the as-prepared La/ZnO/CNTs photocatalyst, the photocatalytic H2 evolution rate was
measured for five consecutive cycles. Figure 9b shows the H2 evolution rate over repeated
cycles, which did not decline during reuse. This trend reflects the better stability of the
composite photocatalyst. The photocatalyst in the current study performed much better
than most of the previously reported heterojunction photocatalysts [2,27]. The improved
photocatalytic response of La/ZnO/CNTs is attributed to CNTs. The nanotubes in the
composite acted as a photosensitizer and electron sink, accelerating electron transport to
the ZnO surface. Nanotubes also suppress the charge recombination by increasing the
separation between electrons and holes in pairs [2,28].

Figure 9. (a) H2 evolution rates over pristine ZnO, La/ZnO, and La/ZnO/CNTs after 4 h of visible
light illumination. Error bars indicate the standard deviation measured by three independent
experiments; (b) Stability of La/ZnO/CNTs after successive five cycles. The error bar indicates the
standard deviation measured by three independent experiments.
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3.5. Photocatalytic Mechanism

There might be different reasons relating to the interaction between ZnO and CNTs,
such as van der Waals force, π–π bond, and σ* bonds. However, a clear understanding of
the physical or chemical interaction between ZnO and CNTs has not arrived yet. This study
aimed to explore the role of CNTs in boosting the photocatalytic activity of the La-doped
ZnO heterojunction photocatalyst. Figure 10 illustrates the mechanism of photocatalytic H2
evolution over the La/ZnO/CNT photocatalyst. The mechanism proposed herein drives
the photocatalytic activity of the La/ZnO/CNT composite under sunlight irradiation. Un-
der light exposure, the photoinduced electrons in the valance band of ZnO move to the
conduction band, leaving behind holes in the valance band. The electrons in the conduction
band are captured by La ions where they move to the surface of ZnO. Since CNTs were
added to the composite as a photosensitizer, some of the electrons’ flow conduction of
ZnO to CNTs. The photosensitizing and electron sink characteristics of CNTs accelerate
the electron transportation to the surface of ZnO by enhancing the separation of electron
and hole pairs. Therefore, electrons in the conduction band react with H+ ions to produce
hydrogen. Similarly, the holes in the valance band were scavenged by the sacrificial reagent.
This reveals the enhanced separation of photoinduced charges in La/ZnO/CNTs photocat-
alyst due to the synergism among CNTs, La and ZnO, which consequently promotes H2
evolution under visible light illumination [29].

Figure 10. Illustration of the mechanism of H2 evolution over the La/ZnO/CNTs photocatalyst.

4. Conclusions

A forest-like growth of CNT structures was performed over Si/SiO2/Al2O3 support
using a conventional CVD method. Ferrocene was considered a catalyst for the catalytic
cracking of ethylene into CNT forest. The carbon product was ultrasonically processed and
then used to produce La/ZnO/CNT photocatalyst for hydrogen evolution from a water–
glycerol mixture. A set of pristine ZnO, La/ZnO and La/ZnO/CNTs photocatalysts was
produced using the sol–gel route and evaluated for photocatalytic activity under visible
light illumination. The various characterization tools were used to characterize the structure,
morphological, and optical features of the as-prepared samples. Based on PL results, the
La/ZnO/CNTs composite showed a reduced recombination and increased transportation of
charges due to the combined effect of La and CNTs. Therefore, the prepared La/ZnO/CNTs
photocatalyst exhibited the highest H2 evolution rate of 184.8 mmol/h under visible light
illumination in contrast to 10.2 mmol/h of ZnO. Moreover, the optimum photocatalyst
showed strong stability for H2 evolution for 15 h. The recyclability and stability of the
La/ZnO/CNTs photocatalyst were tested over five consecutive cycles to check the economic
value of the process. The hydrogen evolution rate did not decline during the multiple
cycling process. These findings suggested the high stability and low process cost of the
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tested composite photocatalyst. The present study can promote the photocatalytic interest
in designing novel photocatalysts based on ZnO and CNTs.

Author Contributions: Conceptualization, M.I. and S.R.; data curation, M.I.; formal analysis, S.S.;
funding acquisition, M.I., S.L., J.P., S.R. and M.A.A.; investigation, B.S.; methodology, I.A. and M.Y.N.;
validation, M.I.; visualization, J.P.; writing—original draft, S.S., M.Y.N., I.A. and M.I.; writing—review
and editing, M.I., B.S., S.L. and M.A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: The APC of the journal was paid by VSB—Technical University of Ostrava.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The reported data is available from the corresponding authors on a
reasonable request.

Acknowledgments: The authors acknowledge the support from the Deanship of Scientific Research,
Najran University, Kingdom of Saudi Arabia, for funding this work under the National Research
Priorities funding program, code number (NU/NRP/SERC/11/26).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Spoială, A.; Ilie, C.I.; Trus, că, R.D.; Oprea, O.C.; Surdu, V.A.; Vasile, B.S, .; Ficai, A.; Ficai, D.; Andronescu, E.; Dit,u, L.M. Zinc Oxide

Nanoparticles for Water Purification. Materials 2021, 14, 4747. [CrossRef] [PubMed]
2. Machín, A.; Cotto, M.; Duconge, J.; Arango, J.C.; Morant, C.; Pinilla, S.; Soto-Vázquez, L.; Resto, E.; Márquez, F. Hydrogen

production via water splitting using different Au@ZnO catalysts under UV–vis irradiation. J. Photochem. Photobiol. A Chem. 2018,
353, 385–394. [CrossRef]

3. Ahmad, I.; Shukrullah, S.; Naz, M.Y.; Ahmed, E.; Ahmad, M.; Akhtar, M.S.; Ullah, S.; Farooq, M.U.; Iqbal, S.; Assiri, M.A.; et al.
Microwave-assisted one-pot hydrothermal synthesis of V and La co-doped ZnO/CNTs nanocomposite for boosted photocatalytic
hydrogen production. Int. J. Hydrogen Energy 2022, 47, 15505–15515. [CrossRef]

4. Shuai, H.; Wang, J.; Wang, X.; Du, G. Black Talc-Based TiO2/ZnO Composite for Enhanced UV-Vis Photocatalysis Performance.
Materials 2021, 14, 6474. [CrossRef]

5. Feng, Y.J.; Wang, Y.; Wang, K.W.; Ma, J.P.; Duan, Y.Y.; Liu, J.; Lu, X.; Zhang, B.; Wang, G.Y.; Zhou, X.Y. Ultra-fine Cu clusters
decorated hydrangea-like titanium dioxide for photocatalytic hydrogen production. Rare Metals 2022, 41, 385–395. [CrossRef]

6. Liao, Y.W.; Yang, J.; Wang, G.H.; Wang, J.; Wang, K.; Yan, S.D. Hierarchical porous NiO as a noble-metal-free cocatalyst for
enhanced photocatalytic H2 production of nitrogen-deficient g-C3N4. Rare Metals 2022, 41, 396–405. [CrossRef]

7. Oliveira, I.E.; Silva, R.M.; Girão, A.V.; Faria, J.L.; Silva, C.G.; Silva, R.F. Facile Preparation of ZnO/CNTs Nanocomposites via
ALD for Photocatalysis Applications. Eur. J. Inorg. Chem. 2020, 2020, 1743–1750. [CrossRef]

8. Gadisa, B.T.; Appiah-Ntiamoah, R.; Kim, H. In-situ derived hierarchical ZnO/Zn-C nanofiber with high photocatalytic activity
and recyclability under solar light. Appl. Surf. Sci. 2019, 491, 350–359. [CrossRef]

9. Toloman, D.; Popa, A.; Stan, M.; Stefan, M.; Vlad, G.; Ulinici, S.; Baisan, G.; Silipas, T.D.; Macavei, S.; Leostean, C.; et al.
Visible-light-driven photocatalytic degradation of different organic pollutants using Cu doped ZnO-MWCNT nanocomposites.
J. Alloys Compd. 2021, 866, 159010. [CrossRef]

10. Elias, M.; Uddin, M.N.; Saha, J.K.; Hossain, M.A.; Sarker, D.R.; Akter, S.; Siddiquey, I.A.; Uddin, J. A Highly Efficient and Stable
Photocatalyst; N-Doped ZnO/CNT Composite Thin Film Synthesized via Simple Sol-Gel Drop Coating Method. Molecules 2021,
26, 1470. [CrossRef]

11. Teo, K.B.K.; Singh, C.; Chhowalla, M.; Milne, W.I. Catalytic synthesis of carbon nanotubes and nanofibers. Encycl. Nanosci.
Nanotechnol. 2004, 1, 665–686.

12. Lee, Y.T.; Kim, N.S.; Bae, S.Y.; Park, J.; Yu, S.C.; Ryu, H.; Lee, H.J. Growth of Vertically Aligned Nitrogen-Doped Carbon Nanotubes:
Control of the Nitrogen Content over the Temperature Range 900−1100 ◦C. J. Phys. Chem. B 2003, 107, 12958–12963. [CrossRef]

13. Shukrullah, S.; Naz, M.Y.; Mohamed, N.M.; Ibrahim, K.A.; Ghaffar, A.; AbdEl-Salam, N.M. Production of bundled CNTs by
floating a compound catalyst in an atmospheric pressure horizontal CVD reactor. Results Phys. 2019, 12, 1163–1171. [CrossRef]

14. Skudin, V.; Andreeva, T.; Myachina, M.; Gavrilova, N. CVD-Synthesis of N-CNT Using Propane and Ammonia. Materials 2022,
15, 2241. [CrossRef] [PubMed]

15. Baddour, C.E.; Briens, C. Carbon Nanotube Synthesis: A Review. Int. J. Chem. React. Eng. 2005, 3, 1–22. [CrossRef]
16. José-Yacamán, M.; Miki-Yoshida, M.; Rendón, L.; Santiesteban, J.G. Catalytic growth of carbon microtubules with fullerene

structure. Appl. Phys. Lett. 1993, 62, 202–204. [CrossRef]
17. Pérez-Mendoza, M.; Vallés, C.; Maser, W.K.; Martínez, M.T.; Benito, A.M. Influence of molybdenum on the chemical vapour

deposition production of carbon nanotubes. Nanotechnology 2005, 16, S224–S229. [CrossRef]

http://doi.org/10.3390/ma14164747
http://www.ncbi.nlm.nih.gov/pubmed/34443269
http://doi.org/10.1016/j.jphotochem.2017.11.050
http://doi.org/10.1016/j.ijhydene.2021.09.214
http://doi.org/10.3390/ma14216474
http://doi.org/10.1007/s12598-021-01815-z
http://doi.org/10.1007/s12598-021-01784-3
http://doi.org/10.1002/ejic.202000032
http://doi.org/10.1016/j.apsusc.2019.06.159
http://doi.org/10.1016/j.jallcom.2021.159010
http://doi.org/10.3390/molecules26051470
http://doi.org/10.1021/jp0274536
http://doi.org/10.1016/j.rinp.2019.01.001
http://doi.org/10.3390/ma15062241
http://www.ncbi.nlm.nih.gov/pubmed/35329693
http://doi.org/10.2202/1542-6580.1279
http://doi.org/10.1063/1.109315
http://doi.org/10.1088/0957-4484/16/5/016


Materials 2022, 15, 3226 13 of 13

18. Danafar, F.; Fakhru’l-Razi, A.; Salleh, M.A.M.; Biak, D.R.A. Fluidized bed catalytic chemical vapor deposition synthesis of carbon
nanotubes—A review. Chem. Eng. J. 2009, 155, 37–48. [CrossRef]

19. Liu, Y.; Qian, W.; Zhang, Q.; Ning, G.; Luo, G.; Wang, Y.; Wang, D.; Wei, F. Synthesis of high-quality, double-walled carbon
nanotubes in a fluidized bed reactor. Chem. Eng. Technol. 2009, 32, 73–79. [CrossRef]

20. Lanzani, G.; Susi, T.; Ayala, P.; Jiang, T.; Nasibulin, A.G.; Bligaard, T.; Laasonen, K.; Kauppinen, E.I. Mechanism study of floating
catalyst CVD synthesis of SWCNTs. Phys. Status Solidi B Basic Solid State Phys. 2010, 247, 2708–2712. [CrossRef]

21. Hayashi, Y.; Iijima, T.; Miyake, M.; Satoh, M.; Rupesinghe, N.L.; Teo, K.B.K.; Tanmemura, M. Growth evolution of rapid grown
aligned carbon nanotube forests without water vapor on Fe/Al2O3/SiO2/Si substrate. Diam. Relat. Mater. 2011, 20, 859–862.
[CrossRef]

22. Aguiar, M.R.; Verissimo, C.; Ramos, A.C.S.; Moshkalev, S.A.; Swart, J.W. Synthesis of Carbon Nanotubes and Nanofibers by
Thermal CVD on SiO2 and Al2O3 Support Layers. J. Nanosci. Nanotechnol. 2009, 9, 4143–4150. [CrossRef] [PubMed]

23. Lim, Y.D.; Avramchuck, A.V.; Grapov, D.; Tan, C.W.; Tay, B.K.; Aditya, S.; Labunov, V. Enhanced Carbon Nanotubes Growth
Using Nickel/Ferrocene-Hybridized Catalyst. ACS Omega 2017, 2, 6063–6071. [CrossRef] [PubMed]

24. Lehmann, J.; Rillig, M.C.; Thies, J.; Masiello, C.A.; Hockaday, W.C.; Crowley, D. Biochar effects on soil biota—A review. Soil Biol.
Biochem. 2011, 43, 1812–1836. [CrossRef]

25. Dhiman, P.; Rana, G.; Kumar, A.; Sharma, G.; Vo, D.V.N.; Naushad, M. ZnO-based heterostructures as photocatalysts for hydrogen
generation and depollution: A review. Environ. Chem. Lett. 2022, 20, 1047–1081. [CrossRef]

26. Chang, C.J.; Huang, K.L.; Chen, J.K.; Chu, K.W.; Hsu, M.H. Improved photocatalytic hydrogen production of ZnO/ZnS based
photocatalysts by Ce doping. J. Taiwan Inst. Chem. Eng. 2015, 55, 82–89. [CrossRef]

27. Wu, Y.; Zeng, S.; Dong, Y.; Fu, Y.; Sun, H.; Yin, S.; Guo, X.; Qin, W. Hydrogen production from methanol aqueous solution by
ZnO/Zn(OH)2 macrostructure photocatalysts. RSC Adv. 2018, 8, 11395–11402. [CrossRef]

28. Choi, S.; Do, J.Y.; Lee, J.H.; Ra, C.S.; Kim, S.K.; Kang, M. Optical properties of Cu-incorporated ZnO (CuxZnyO) nanoparticles
and their photocatalytic hydrogen production performances. Mater. Chem. Phys. 2018, 205, 206–209. [CrossRef]

29. Vaiano, V.; Iervolino, G. Photocatalytic Hydrogen Production from Glycerol Aqueous Solution Using Cu-Doped ZnO under
Visible Light Irradiation. Appl. Sci. 2019, 9, 2741. [CrossRef]

http://doi.org/10.1016/j.cej.2009.07.052
http://doi.org/10.1002/ceat.200800298
http://doi.org/10.1002/pssb.201000226
http://doi.org/10.1016/j.diamond.2011.02.003
http://doi.org/10.1166/jnn.2009.M23
http://www.ncbi.nlm.nih.gov/pubmed/19916421
http://doi.org/10.1021/acsomega.7b00858
http://www.ncbi.nlm.nih.gov/pubmed/31457855
http://doi.org/10.1016/j.soilbio.2011.04.022
http://doi.org/10.1007/s10311-021-01361-1
http://doi.org/10.1016/j.jtice.2015.04.024
http://doi.org/10.1039/C8RA00943K
http://doi.org/10.1016/j.matchemphys.2017.11.022
http://doi.org/10.3390/app9132741

	Introduction 
	Materials and Methods 
	Production of CNT Forest 
	Characterization of Samples 
	Production of La/ZnO/CNTs Photocatalyst 
	Hydrogen Evolution Experiments 

	Results and Discussion 
	Structural Formation and Surface Morphology 
	Structural Purity and Weight Loss Analysis 
	Cyclic Voltammetry of Photocatalyst 
	Hydrogen Evolution 
	Photocatalytic Mechanism 

	Conclusions 
	References

