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ABSTRACT: Nonthermal plasma is a well-recognized environmentally advanta-
geous method for producing green fuels. This work used different photocatalysts, €&
including PZO, S,Z0, and S,ZC, for hydrogen production using an atmospheric H;
argon coaxial dielectric barrier discharge (DBD)-based light source. The H+J
photocatalysts were produced using a sol—gel route. The DBD discharge column

was filled with water, methanol, and the catalyst to run the reaction under argon

plasma. The DBD reactor was operated with a 10 kV AC source to sustain plasma

for water splitting. The light absorption study of the tested catalysts revealed a 0’>
decrease in the band gap with an increase in the concentration of Sr and carbon .0
nanotubes (CNTs) in the Sr/ZnO/CNTs series. The photocatalyst S,;ZC,

demonstrated the lowest photoluminescence (PL) intensity, implying the most

quenched recombination of charge carriers. The highest H, evolution rate of 2760
umol h™' ¢! was possible with the S,;ZC, catalyst, and the lowest evolution rate of

56 umol h™' g™! was observed with the PZO catalyst. The photocatalytic activity of S,sZC, was initially high, which decreased
slightly over time due to the deactivation of the photocatalyst. The photocatalytic activity decreased from 2760 to 1670 yumol h™" g™
at the end of the process.

CH3;0H

0

1. INTRODUCTION

Excessive use of fossil fuels has resulted in an unavoidable
energy crisis and global pollution. Therefore, a low-cost and
eco-friendly strategy is important for current issues to fulfill the
demand for energy utilization. H, can be utilized as a
byproduct to generate power with the water reaction and has
a much higher energy content of 122 k] g™' than hydrocarbons
and is considered a promising energy source for the next
generation." Many techniques have been used for hydrogen
generation to meet the energy demand. H, gas evolution,
observed via modern technologies by using steam reforming
and fossils, is 48 and 95%, respectively. By using the partial
oxidation process, the 30 and 18% hydrogen production
corresponds to the hydrocarbons and coal.” Being a
continuous and pollutant-free process, water splitting for the
photocatalytic evolution of hydrogen is viewed as an ideal fuel
for a sustainable future. The production of hydrogen through
photocatalytic overall water splitting is an exciting method.
The photocatalytic efficiency, however, falls short of expect-
ations. Analysis of the obstacles to total photocatalytic water
splitting is thus important.”

ZnO nanoparticles have attracted significant interest due to
their environmentally friendly nature, cost-effectiveness, and
high quantum yield among semiconductor photocatalysts.”*

© 2023 The Authors. Published by
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The high oxidation ability of ZnO with surface reactivity and
strong chemical ability due to O, nonstoichiometry ensures the
creation of abundant defects sites. The generation of these
defects makes the ZnO photocatalyst a potential candidate for
photocatalytic activity applications.” Having a binding energy
of ~60 meV and band gap energy of ~3.3 eV, ZnO is
characterized for light absorption in the UV region. For
industrial applications, the photocatalytic ability of these
nanoparticles is not sufficient due to their small surface
area.’ To overthrow these constraints, ZnO is prepared in
different ways, as reported by Esmaeilzadeh et al.” The
photocatalytic performance of ZnO can assuredly be enhanced
under visible light irradiation by doping with strontium (Sr).
The optical properties of ZnO can be altered through doping,
which significantly increases photocatalytic activity.” The
photocatalytic performance of ZnO can also be improved by
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Figure 1. Illustration of steps involved in the production of Sr,ZnO/CNTs, photocatalysts.

modifying it with carbon nanotubes (CNTs). The electrons
can easily move from the conduction band of zinc oxide to
CNTs due to their low work function. CNTs accept electrons
to enhance the separation of photoinduced electron—hole
pairs, leading to a high H, evolution rate.” The excellent
conductivity of CNTs, which improves H, production activity,
accelerates the movement of charges to the plane of the
catalyst. Hence, CNT's work as a transporter and an e” sink in
the photocatalyst. However, enough progress in this field is
needed to reduce the hurdles in producing CNT-based
composites for optimum hydrogen production, as revealed
by Zhang et al.'’ The other photocatalysts, such as TiO,/
CNTs, have shown high hydrogen evolution efficiency due to
low charge migration impedance and maximum surface area
under visible light exposure.'’ Although ZnO/CNT compo-
sites have resulted in high hydrogen production, they still face
severe challenges for commercial-scale applications. These
challenges include inadequate visible light harvesting, low
stability and strong photocorrosion, tiresome synthesis process,
and scarcity of a detailed photocatalyst mechanism. Different
metal-doped ZnO/CNT composites have been reported by
various researchers.'” Light absorption is increased by the
lattice defects produced by alkaline earth metals due to the
ionic radius and charge compensation mismatching between
the host and alkaline metal. The photocatalyst formed of ZnO,
CNTs, and a metal results in a multifaceted e™ transfer system,
as reported by Hiimmer et al."”

In the literature review, it was found that photocatalysts for
water-splitting applications have different rates of hydrogen
production. Ahmad et al.'* reported 2683 pmol h™' g~
hydrogen production with a Tb—ZnO/CNT photocatalyst
after 5 h of reaction under visible light. Lin et al."> produced a
Pt/TiO,_,N, photocatalyst by using a two-microemulsion
method for H, evolution. After 6 h of reaction, they reported
475 umol of H, evolution at room temperature under visible
light. Argon was used as a carrier gas to improve the reaction
efficiency in dielectric barrier discharge (DBD) plasma.'® In
the presence of argon plasma, H, production rates were also
compared for BaLa,Ti,O,5 and NiO for CO,—H,0O photo-
catalysts.'”'® Kawawaki et al.'” evaluated the hydrogen

evolution rate of a BaLa,Ti,O,5 photocatalyst with 16%
apparent quantum yield after 10 h of reaction time. Yao et al."®
investigated a NiO photocatalyst for CO,—H,O conversion
into CO, H,, and CH, by using a DBD reactor. They reported
21.0, 354.3, and 0.061 umol h™' g, yield rates of CO, H,,
and CH,, respectively, at room temperature. El-Shafie et al."”
used an argon—water vapor mixture for H, generation with a
DBD plasma exposure. The maximum H, concentration rate at
20 °C and 7.3 kV was 1500 ppm. In this paper, the maximum
H, gas production occurred under argon DBD plasma at room
temperature within 4 h of reaction time. DBD plasmas are
being used more frequently as UV sources. They are utilized as
UV radiation sources for everything from producing ozone for
industry to excimer radiations. Low-pressure high-output UV
lamps have a mercury content of 26—150 mg, compared to 5—
50 mg for low-pressure UV lamps. A significant quantity of
poisonous mercury waste with detrimental effects on both
human health and the environment is produced at the end of
the lamp’s life. In this study, a DBD-based mercury-free light
source reactor was chosen over other reactors because it can be
easily made into different sizes and shapes, thanks to its
insulating design and free electrode. This makes it easy to fit it
into a specific application. The other reason to choose a DBD
reactor is that it ensures a controllable process under
atmospheric conditions, even in dark environments. The
plasma-born reactive species and radiation in the visible to
ultraviolet range derive the hydrogen evolution reaction
without sunlight.”~>* In this study, the photocatalytic
hydrogen evolution tests were performed using ZnO, Sr-
doped ZnO (Sr,Zn0O), and Sr-doped ZnO/CNT (Sr,ZnO/
CNTs,) photocatalysts. The maximum H, evolution was
observed with the S,;ZC, photocatalyst. The proposed
photocatalytic mechanism or better H, evolution is also
discussed in this work.

2. EXPERIMENTAL PART

2.1. Materials. Zinc nitrate (Zn(NO;),), citric acid,
strontium nitrate (Sr(NOs),), carbon nanotubes (CNTs),
and NaOH were used in the synthesis of photocatalysts.

18892 https://doi.org/10.1021/acsomega.3c01262
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Methanol (CH;OH) was used as a sacrificial agent in the
water-splitting reaction.

2.2. Preparation of Photocatalysts. The steps involved
in preparation of pure ZnO, Sr-doped ZnO (Sr,ZnO), and Sr-
doped ZnO/CNT (Sr,ZnO/CNTs,) photocatalysts are
illustrated schematically in Figure 1. A facile sol—gel method
was followed to prepare these photocatalysts. The ZnO sample
was prepared by adding 10 g of citric acid and 4.44 g of zinc
nitrate in 100 mL of distilled water under continuous heating
and stirring for 40 min. The as-obtained solution was collected
in a crucible and dried at 120 °C for 30 h and then calcinated
at 400 °C for 3 h. After calcination, the as-prepared sample was
ground to obtain a fine powder of the ZnO photocatalyst. A
similar route was followed to produce Sr-doped ZnO with
different contents of strontium nitrate (0.5, 1.09, and 1.35 g).
For the Sr,ZnO/CNTs, sample, 0.14 g of purified CNTs was
added into the mixture before drying in the oven and forming
solution A. A homogeneous solution (base solution or solution
B) was obtained by dissolving 15 g of NaOH into 70 mL of
distilled water. Solution B was added to solution A with a
dropper to obtain pH 9 under continuous stirring. The
obtained solution was heated to remove moisture and
calcinated at 400 °C for 2 h. The end product was crushed
to obtain a fine powder of the Sr,ZnO/CNTs, photocatalyst.
Using a similar procedure, for a comparative study, a set of
photocatalysts were prepared with different concentrations of
zinc nitrate (3.09 and 3.64 g) and strontium nitrate (1.09 and
1.35 g), as shown in Table 1.

Table 1. Formulation of Samples with a Doping Percentage
and Code

st sample
no. sample doping level code

Sr=(x = 0wt %) and PZO
CNTs = (x = 0 wt %)
Sr = (x = 10 wt %) and $10Z0

1 pure zinc oxide (ZnO)

2 Sr-doped ZnO (Sr,ZnO) or

S.ZO CNTs = (x = 0 wt %)

3 Sr-doped ZnO (Sr,ZnO) or  Sr = (x = 20 wt %) and $,0Z0
S,Z0 CNTs = (x = 0 wt %)

4 Sr-doped ZnO (Sr,ZnO) or  Sr = (x = 25 wt %) and $,sZ0
S,Z20 CNTs = (x = 0 wt %)

S Sr-doped ZnO/CNTs Sr = (x = 10 wt %) and S10ZC,
(Sr,ZnO/CNTs,) or S,ZC,  CNTs = (x = 2 wt %)

6  Sr-doped ZnO/CNTs Sr = (x = 20 wt %) and S50ZC,
(Sr,ZnO/CNTs,) or S, ZC,  CNTs = (x = 2 wt %)

7 Sr-doped ZnO/CNTs Sr = (x = 25 wt %) and S,sZC,

(Sr,ZnO/CNTs,) or S, ZC,  CNTs = (x = 2 wt %)

2.3. DBD-Assisted Hydrogen Evolution. In this work, a
coaxial DBD-based mercury-free light source setup was
designed that generated both visible and UV radiations, as
shown in Figure 2a. UV radiation was typically found in the
range of 200—400 nm. The geometry of the reactor uses two
coaxial quartz tubes (Figure 2b). An inner electrode is
separated by a dielectric barrier enclosed in the envelope
bounded by an outer electrode, known as the mesh electrode.
The mesh allows the radiation to escape from the lamp
envelope. When AC power is supplied, the ozonizer discharge
is generated between the electrodes. When inert gases are used
to make a discharge, the DBD reactor also makes diatomic
molecules. These radiations interact with solids, gases, and
liquids in different ways.”> In this study, argon was used as
plasma gas. A 10 kV AC power supply with a 50 Hz frequency
was used to power the DBD reactor. About S g of PZO, S,Z0O,

(@)

NN
s w

o)

Second quartz tube

Outer electrode
@ Dielectric barrier
Plasma Zone

First quartz tube

Transparent mercury envelope
Inner electrode

AC power
supply

Figure 2. (a) Coaxial DBD-based mercury-free light source used for
water splitting. (1) First quartz tube, (2) inner electrode, (3) plasma
zone, (4) mesh electrode or outer electrode, (5) inlet, (6) transparent
envelope wrapped around the inner electrode, (7) outlet, and (8) AC
power supply. (b) Coaxial shape of the DBD-based mercury-free light

source.

and S,ZC, photocatalysts were loaded one by one into the
DBD reactor and activated using plasma-born radiation. The
activated catalyst is then used in water splitting to produce
hydrogen. Due to the decomposition of water under plasma
exposure, oxygen gas is also emitted from the reactor along
with hydrogen. A gas analyzer was used to examine both gases.
When exposed to plasma, water rapidly separates into
hydrogen and oxygen in the presence of the photocatalyst,
providing twice as much hydrogen as oxygen.

3. RESULTS AND DISCUSSION

3.1. Fourier Transform Infrared (FTIR) Study of the
Photocatalyst. FTIR spectra of S,ZC, photocatalysts were
recorded within the range of 500—3500 cm™', as shown in
Figure 3. The FTIR analysis showed characteristic peaks at
1429 cm™ for $,)ZC, which are assigned to the O—H
bending of a carboxylic acid group. The photocatalytic activity
of catalysts depends on the amount of —OH groups, which are
the source of highly reactive *OH radicals.”* The peak at 1429
cm™' refers to the O—H bending of water molecules, as
reported by Beena et al.”> The second peak of the same
catalyst was found in the fingerprint region at 865 cm™", which
displayed a strong appearance (out of plane) with C—H
bending. The IR spectrum peaks at 1314 and 773 cm™!
exhibited the C—O stretching and C—H bending vibrations
of §;,ZC, and S,yZC, photocatalysts. The FTIR peak at 773
cm™! in both spectra confirms the bending vibration of Zn—
0.”° The compound class, group region, and peak appearance
of the S,ZC, photocatalyst are shown in Table 2.

3.2. X-ray Diffraction (XRD) Study. XRD spectra of
S.ZC,, as reported in Figure 4, demonstrated six diffraction
peaks around 26° values of 32.2, 34.7, 38.2, 44.3, 53.6, and
62.9°. These peaks can be indexed to the (100), (002), (101),
(102), (110), and (103) diffraction planes of hexagonal

https://doi.org/10.1021/acsomega.3c01262
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Figure 3. FTIR spectra of S,,ZC,, S,,ZC,, and S,5ZC, photocatalysts.

Table 2. FTIR Peaks, Appearance, Groups, and Compound
Class of S,ZC, Samples

FTIR peaks group
peaks groups compounds class  appearance region
1314 c-0 aromatic ester strong GFR
stretching
1429 O—H bending  carboxylic acid medium GFR
773 C—H bending  1,2,3- strong FPR
trisubstituted
865 C—H bending  1,3-disubstituted strong FPR
H—(102) *— (002) S,.ZC,
—(101) A—(100
(002) . v-aon v_ 5002)) SmZCz
CNTs v ™ 0—(103) —S 7C
*5(110) 1054
A v
*
* o

Intensity (a.u)

20 30 40 50 60 70
20 (deg)

Figure 4. XRD spectra of S,,ZC,, $50ZC,, and S,sZC, photocatalysts.

wurtzite ZnO (JCPDS 36-1451), respectively.”” Moreover, the
S.ZC, photocatalyst exhibited a diffraction peak of CNTs at
25.25°, which was perceived as (002) (JCPDF card. 20-0781)
and corroborated the successful doping of CNTs into ZnO.**
In modified S,ZC,, diffraction peaks shifted slightly toward
larger 26 due to a smaller ionic radius of Zn** (0.074 nm) than
Sr** (0.118 nm). This difference in radii distorts the host
lattice of ZnO.” Some other peaks of photocatalysts that
appeared at 37.60, 40.8, and 46.8° showed a doping content of

Sr** into the ZnO lattice as a substituent. The grain size of
photocatalysts was determined by Scherrer’s formula and
exhibited an inverse relation with Sr concentration. Kaskun et
al.*” reported that the suppressed growth of crystals due to the
addition of CNTs is the reason for a decreased crystallite size.
The d-spacing values of crystals in Table 3 were calculated
using Bragg’s law.

Table 3. Data Extracted from the Analysis of XRD Spectra

photocatalyst 20° indices (hkI)
$,0ZCs 347 (002) 0.52
$,0ZC, 382 (101) 2.08
$,52C, 347 (002) 0.52

grain size (nm)

3.3. Optical Study. The UV—vis spectra of the photo-
catalyst S,ZC,, are shown in Figure 5. The photoabsorption of
S10ZC,y, S50ZC,, and S,5ZC, samples in Figure Sa exhibited a
blue shift at a wavelength of 366.68, 361.57, and 354.68 nm,
respectively. Due to the combined effect of CNTs and Sr**, the
structure of ZnO was changed and the flow of charges to the
surface of composites was increased.”® The absorbance
intensity values of S,ZC, with a band gap energy are also
displayed in Table 4. The optical band gap energy values of
S10ZCy, S$50ZC,, and S,3ZC, decreased with increasing the
doping content of Sr. This decrease in the band gap is
attributed to the synergistic effect between graphene and Sr-
doped ZnO, as shown in Figure Sb—d. The relation of
Kubelka—Munk (ahv = A(hv — Eg)”/ 2) was utilized for the
calculation of band gap energies of S,,ZC,, S,yZC,, and S,sZC,
photocatalysts as 2.27, 2.22, and 1.94 eV, respectively.

The photoluminescence (PL) technique is used to study the
transfer capability and recombination efficiency of charge
carriers in the catalyst.”” A high photoemission intensity
usually indicates strong recombination of charge carriers.
Figure 7 represents the PL spectra of S,ZC, photocatalysts at
room temperature. The PL of S,ZC, was observed by using the
excitation wavelength at 300 nm. Each spectrum of S,ZC,
displayed three different emission bands, such as the normal
UV-—visible emission of ZnO at 470 nm possessed
recombination-free excitons. The orange band exhibited the
emission between 420 and 450 nm that occurred due to
surface defects in the lattice of ZnO. The green emission is due
to the recombination of electrons that occupied single oxygen
vacancies at 470 nm. The maximum PL intensity was observed
for the least-doped photocatalysts.”” The S;,ZC, photocatalyst
demonstrated the maximum intensity and the lowest
recombination of photoinduced charge carriers. In contrast,
the PL intensity was the lowest for the S,;ZC, photocatalyst,
denoting the highest inhibition ability of charge carriers due to
the synergistic effect of Sr doping and CNTs as an electron
sink.

3.4. Scanning Electron Microscopy (SEM) Morpho-
logical Analysis. SEM micrographs and the particle size
distribution of S,ZC, photocatalysts are shown in Figure 6.
The material properties of CNTs were anticipated to be
increased by the introduction of ZnO. The images displayed
the bamboo-type structure of nanoholes in CNTs with
effective doping of Sr in ZnO at room temperature.”* Some
CNTs were also observed in images were encapsulated by long
clusters with a hexagonal wurtzite crystal structure of ZnO,
which will be beneficial for electron transport to increase
charge separation.” As the crystal is composed of grains and
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Figure S. (a) UV—vis spectra of $,4ZC,, $50ZC,, and S,5ZC, and (b—d) band gap estimation of $,iZC,, S,0ZC,, and S,5ZC, samples, respectively.

Table 4. Absorbance and Band Gap Energies of S,,ZC,,
$,0ZC,, and S,,ZC, Photocatalysts

photocatalyst ~ wavenumber (nm)  absorbance  band gap energy (eV)
$,0ZC, 366.68 171 227
$50ZC, 361.57 1.86 222
$,:2C, 354.68 2.99 1.94

shows a smooth surface, by enhancing the Sr amount in ZnO,
there is hardly a change in the particle size of crystals. The size
of the as-prepared S,;ZC,, S,yZC,, and S,;ZC, samples was
measured to be about 63, 55, and 45 nm, respectively.36

3.5. Hydrogen Evolution. 3.5.1. Effect of Doping
Concentration. The photocatalytic response of as-prepared
photocatalysts for H, evolution was checked under argon
plasma through a DBD-based mercury-free light source
reactor. The outcomes are reported in Figure 7. These findings
suggested that the minimum evolution rate of 56 ymol h™" g™
for the PZO photocatalyst is due to its wide band gap and fast
photoinduced charge carriers recombination rate. The reaction
rate increased for Sr-doped ZnO (S,ZO) photocatalysts
compared to that of PZO by adding the Sr content in pure

zinc oxide.”” The hydrogen evolution efficiency of $,sZ0,
$10Z0, and S,yZO photocatalysts was measured to be about
1150, 695, and 901 pmol h™! g_1 under identical research
conditions. The hydrogen evolution rate increased at room
temperature with the introduction of CNTs in the S,ZO
photocatalyst. The maximum hydrogen evolution of 2760
umol h™" ¢! was possible with the S,ZC, photocatalyst,
which reveals the central role of CNTs in boosting the
separation of photoinduced charge carriers. It is clear that H,
production is related to the doping content of Sr in the
presence of CNTs, as reported by Jin et al.’® The other two
catalysts, S,,ZC, and S;yZC,, showed 2150 and 1800 ymol h™*
¢! hydrogen with the same CNT content, respectively.
3.5.2. Hydrogen Evolution over Time. Figure 8 displays the
trend of photocatalytic hydrogen evolution with time under Ar
plasma exposure. The reaction was initiated with a 10 kV AC
supply at room temperature. The argon plasma exposure
increased the reaction efficiency for H, production after
different periods by splitting the H,O molecules into H, and
O, gas. The minimum gas production rate of 56 yumol h™"' g™*
was observed in the case of the PZO photocatalyst after 4 h of
reaction. On the other hand, S,;ZC, exhibited the maximum
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hydrogen evolution of 2760 umol h™" g™' among all of the
tested samples. The high hydrogen evolution efliciency of this
photocatalyst was due to the introduction of CNTs and the
maximum doping of Sr in PZO.™*" Figure 8 presents the
direct relation of the released H, gas from nonthermal plasma
over time.

3.5.3. Long-Term Reaction for Hydrogen Evolution. Figure
9 depicts the results of the H, evolution rate over the S,ZC,
photocatalyst as a function of time for long-term reaction runs.
Four different readings were noted for each sample for this
observation, showing the minimum evolution rates after 4 h.
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Figure 8. H, evolution over PZO, S,ZO (S,0Z0O, $,,Z0, and S,,Z0),
and S,ZC, (S,0ZC,, S»ZC,, and S,sZC,) photocatalysts with time.

The hydrogen evolution with the S,;ZC, photocatalyst
decreased from 2760 to 1670 umol h™ g_l.41 Similar
experiments were carried out for the remaining catalysts
(810ZC, and $,yZC,), which showed a hydrogen rate of 1800—
1355 and 2150—1430 pmol h™' g7', respectively. These
outcomes showed an inverse relation between H, evolution
and time that was opposite to the above relation in Figure 8.
This is because the long-term reaction deactivated the
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Figure 9. H, evolution with time over (a) $,iZC,, (b) S»ZC,, and (c) S,sZC, photocatalysts.

photocatalyst, which decreased the hydrogen efficiency in
nonthermal plasma revealed, as reported by Chen et al.**
3.6. Photocatalytic Mechanism. The photocatalytic
mechanism of the Sr-doped ZnO/CNT photocatalyst for
hydrogen production by water splitting under argon plasma is
illustrated in Figure 10. Strontium (Sr) is an alkaline earth
metal with a higher charge compensation ability and a different
ionic radius than ZnO. Sr* has an ionic radius of 0.245 nm,
which is much bigger than the ionic radius of Zn*" (0.074
nm)."* This discrepancy in ionic radii causes surface defects in
the lattice of ZnO by producing variations in the photo-
catalyst’s optical characteristics.””~** Sr doping can thus be
used to alter the optical characteristics of ZnO. Yarahmadi et
al.** used a Sr-doped ZnO photocatalyst to efficiently degrade
synthetic dyes. The remarkable performance of the photo-
catalyst in degrading dyes was related to the development of
defects in the ZnO lattice upon the introduction of Sr ions.
Surface defects limit the rate of charge recombination and
increase photocatalytic activity. A multilevel electron transfer
system is created by combining tailored Sr, ZnO, and CNTs.
Sr boosts light absorption in the ternary Sr-ZnO/CNT system
by decreasing the band gap of ZnO. Because of their high
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Figure 10. Photocatalytic mechanism of the Sr-doped ZnO/CNT
photocatalyst for water splitting.
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electrical conductivity, CNTs in the system reduce photo-
corrosion and the rate of charge recombination.

When plasma radiation interacts with the catalyst, electrons
are transferred to the conduction band of ZnO due to the
photosensitizing effect. The electrons migrate to the
conduction band of ZnO from the valence band by absorbing
the energy equal to the band gap and leaving behind holes in
the valence band. The reaction further proceeds between ZnO
and Sr depending upon the difference of their work function.
The published literature suggests that the work function of Sr
is less than that of ZnO,*"*
trapped by Sr and cause maximum electron—hole pair

so the photoinduced electrons are

separation. The water splits into H, and O, when the holes
in the conduction band react with water molecules that form
*OH radicals. When these *OH radicals react with methanol,
they form the H* ions. As H" increases, the electrons of the
conduction band are reduced to generate H, from methanol.
The factors that control the photocatalytic H, evolution are the
light assimilation toward the visible zone and charge
separation. The capacity of CNTs to act as an electron
acceptor and photosensitizer promotes faster electron con-
duction from the conduction band of ZnO to CNTs due to the
latter’s lower Fermi level, which helps to increase charge
separation on the photocatalyst’s surface.*® Furthermore, the
Sr-doped ZnO/CNT photocatalyst regulates the basicity of the
photocatalyst surface and enhances the hydrogen production
rate during water splitting.*’

4. CONCLUSIONS

An atmospheric pressure DBD-based mercury-free light source
was used to activate composite photocatalysts for water
splitting into hydrogen fuel. The PZO, S,ZO (S,yZO, $,,ZO,
and $,,Z0), and S,ZC, (S;0ZC,, S,0ZC,, and S,ZC,)
photocatalysts were prepared by a facile sol—gel method.
The structure morphology, band gap energy, functional groups,
particle size, and electron—hole recombination rate were
studied using XRD, UV—visible, FTIR, SEM, and PL analysis.
The band gap energy of S;,(ZC,, $S,0ZC,, and S,;ZC, was
measured to be about 2.27, 2.22, and 1.94 €V, respectively.
The absorbance of photocatalysts showed a direct relation with
the Sr doping content. PL analysis revealed low hole—electron
recombination rate of the S,ZC, photocatalyst among the
tested photocatalysts. The minimum and maximum H,
evolution rates were noted with PZO and S,;ZC, photo-
catalysts, respectively. The photocatalytic activity for H,
production increased with concentrations such as PZO,
S10Z0, $30Z0, S,520, S1yZC,, S,0ZC,, and S,5ZC, exhibited
56, 695, 901, 1150, 1800, 2150, and 2760 umol h™' g™
hydrogen evolution, respectively. In the long-term reaction
test, H, production first increased with time and then
decreased. The decreasing rate occurred due to the
deactivation of photocatalysts over time.
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