Solaw € S
J a2 T
onetgy )
And Sustainable Development g - £
% §

Refereed, biannual scientific journal issued by: m,,somm@ﬁ&

The Libyan Center for Solar Energy Research and Studies

Modified-TiO, Nanotube Arrays as a Proficient Photo-Catalyst

Nanomaterial for Energy and Environmental Applications

Riyadh Ramadhan Ikreedeegh’>*"Z/, Muhammad Tahir'"*', Mohamed Madi*.

'Chemical and Petroleum Engineering Department, UAE University, P.O. Box 15551, Al Ain, United Arab
Emirates.

’Department of Analysis and Quality Control, Sarir Oil Refinery, Arabian Gulf Oil Company, El Kish, P.O.
Box 263, Benghazi, Libya.

’Libyan Advanced Center for Chemical Analysis, Libyan Authority for Scientific Research, Tripoli, Libya.
*Chemical Engineering Department, Higher Institute for Science and Technology, Souk Al-Khamis, Libya.

E-mail: riyadhkridiegh@gmail.com , muhammad.tahir@uaeu.ac.ae .

ABSTRACT

Recently, TiO, nanotube arrays (TNTAs)
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have attracted researcher’s attention in the fields of
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applications; this is mainly due to their unique
optoelectronic characteristics, corrosion resistance,
chemical and mechanical stability. In this study, the
ability of employing of TiO, nanotube arrays-based

catalysts in the field of photocatalytic CO, reduction
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has been investigated. Possible modification strategies

TiO, nanotube arrays, ) )

have been presented for improving the TNTAs

Photocatalysis,CO, reduction, ) ) )

_ performance by using different types of nanomaterials

CH, production, Solar fuels. ) ) . e

including graphitic carbon nitrides (g-C;N4), metal-

organic frame work (MOF), reduced graphene oxide
(RGO) and gold nanoparticles (Au NPs).

The TNTAs composites were characterized using XRD and FESEM analyses and the results
revealed the successful synthesis of these composites. The TNTAs and their composites exhibited
good results for the photo-conversion of CO, into CH, gas product. This study gives new ideas for
making and developing low-cost Ti metal-based nanomaterials which can be used in the future

for recycling the CO, gas emissions into useful solar fuels.
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1. INTRODUCTION

The ever-increasing demand on fossil fuels has led to a severe shortage in these resources and will
result in a global energy crisis in the near future [1, 2]. Moreover, burning of these fuels generates
massive amounts of greenhouse gases, particularly CO,, which is considered as the primary
cause of many environmental issues including climate change, sea level rise, acid rains and losses
of biodiversity [3, 4]. Recently, a new technology known as photocatalysis has been introduced
as one of the main promising solutions for addressing all the above mentioned problems [5].
This technology is considered as a photochemical process that utilizes solar light energy for the
conversion of CO, into valuable chemical and fuels in the presence of a semiconductor material
named as a photocatalyst. This photocatalyst is considered as the most important element in this
process. Among all the metal oxide materials, TiO, has been widely used as one the benchmark
photocatalysts in many fields of CO; reduction [6, 7], hydrogen production [8, 9] and pollutants
degradation [10, 11] and other applications. This is mainly due to its wide advantages including
low cost, availability, non-toxicity, corrosion resistance, high thermal and chemical stability [12,
13]. However, the TiO; still have some issues related to light absorption and high recombination
of photo-generated charge carriers [14].

Recently, TiO; in the form of nanotube arrays (TNTAs) has attracted researcher’s attention due
to its vertical hierarchical structure offering larger internal surface area with enhanced transfer of
charge carriers [15]. Although TNTAs exhibit higher surface area and long-term charge mobility
compared to other traditional TiO, nanostructures, they are still being active only at UV light
and suffers from the charges recombination [16]. Huge efforts have been devoted to enhance the
photocatalytic performance of TNTAs through different modification strategies such as doping
with organic materials [9, 17], incorporation and coupling with noble metals [18, 19].

In this study, a simple electrochemical anodization method has been used for the fabrication of
TiO; in the form of nanotube arrays (TNTAs). Then, the TNTAs photocatalyst was characterized
using XRD and FESEM analyses and then investigated for its ability for the conversion of CO,
gas in to methane gas (CH4) under visible light. Finally, a comparative study was conducted
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for investigating the effect of modifying the TNTAs using various materials including graphitic
carbon nitrides (g-CsN,), NH,-MIL-125(Ti) MOE reduced graphene oxide (RGO) and gold
nanoparticles (Au NPs) based on both characterization analyses and experimental work.

This study provides a step forward towards better understanding for the fabrication and
development of proficient and low-cost nanomaterial composites for the applications of energy
productions and environmental remediation.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents

All chemicals used in this study were of analytical grade and were used as received without
turther purification. To prepare TNTAs, titanium metal sheets (Sigma Aldrich, 99.7%), platinum
metal foils (Sigma Aldrich, 99.7%), ethylene glycol (Sigma Aldrich, 99.5%), ammonium fluoride
(QREC, 98%), methanol (Merck, 99.9%), ethanol (Merck, 99.9%) and distilled water were used.
However, the following chemicals were used for preparing the modification composites: titanium
isopropoxide (99.9%, Sigma Aldrich), 2-aminoterephthalic acid (99%, Sigma Aldrich) and DMF
(Merck, 99.9%) for preparing MOF. Melamine (Merck, 99.99%) for preparing g-CsN,. Graphite
flakes (Sigma Aldrich, 99.9%), potassium permanganate (Sigma Aldrich 99%), Sulphuric acid
(Sigma Aldrich 97%) and phosphoric acid (Merk, 99%) for preparing RGO. Gold(III) chloride
hydrate (Sigma Aldrich, 99.99%) for preparing Au.

2.2. Preparation of TNTAs

The TNTAs layer was formed over the Ti metal sheet using an electrochemical anodization
method similar to previous studies [20, 21]. Prior to the anodization process, the Ti metal sheet
(4 cm x 2.5 ¢cm, 0.25 mm thick) was polished, rinsed and sonicated in three different solvents of
ethanol, methanol and distilled water, respectively.

The electrochemical anodization process was conducted by employing the Ti sheet as a working
electrode (anode) and a Pt sheet as a counter electrode (cathode) in an ethylene glycol-based
electrolyte solution consisting of 100 mL of ethylene glycol (EG), 1.12 g of ammonium fluoride
(NH.F) and 2 mL of distilled water.

This process continued for 4 h at room temperature and under a constant voltage of 30 V
supplied by a DC power source. The anodized Ti sheet was then rinsed with distilled water, dried
and annealed at 550 °C for 2 h in a programmable furnace for obtaining highly ordered TiO,
nanotube arrays.

2.3. Preparation of TNTAs/g-C;N, composite

Firstly, the g-C;N, was prepared through a calcination process of pure melamine powder as
reported in our previous works [5, 22]. The melamine powder was heated in a muffle furnace for
2 h at 550 °C. Then, the obtained yellow powder was collected, cooled to room temperature and
crushed in to fine powder. The g-CsN4 powder (0.1 g) was dispersed in a methanol solution (50
mL) for producing a pure structure of g-C;N, nanosheets. Finally, the as-prepared TNTAs were
immersed in this solution under ultrasonic treatment for 15 min and then dried in oven at 100
°C for 12 h to obtain the TNTAs/g-C;N4 nanocomposite.

2.4. Preparation of TNTAs/NH,-MIL-125(Ti) MOF composite

A solvothermal method was used to prepare the NH,-MIL-125(Ti) MOF as reported in previous
studies [23, 24]. Briefly, specific amounts of 2-amino terephthalic acid (1.0869 g) and titanium
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isopropoxide (0.4263 g) were added to a 20 mL DMF/methanol solution (v/v = 9:1). The mixture
was stirred for 30 min, then transferred to a Teflon-lined autoclave to be hydrothermally treated
for 72 h at 150 °C. The resultant yellow suspension was then cooled, filtered, washed 3 times
with DMF and methanol, respectively and dried in oven for 12 h at 80 °C to obtain a yellow fine
powder. Finally, the TNTAs sample was immersed in a methanol solution of the obtained MOF
powder (0.1 g MOF in 50 mL methanol) and dried at 100 °C for 12 h

2.5. Preparation of TNTAs/RGO composite

Natural graphite flakes were oxidized to prepare graphene oxide (GO) through a modified Tour’s
method [22, 25].

The oxidation of graphene was achieved by adding a certain amount of graphite (3 g) to a mixed
solution of H,SO, (360 mL) and H3;PO, (40 mL) with continuous stirring at 300 rpm and a
constant temperature of 10 °C. KMnO; (18 g) was then added gradually so that the temperature
of the solution is kept under 50 °C. A yellow suspension was obtained after 24 h of stirring which
was then cooled and altered using H>O, (5 mL) until a brown color is obtained.

The suspension was then filtered, washed with distilled water, ultrasonicated and dried at 50 °C
for 12 h for delivering exfoliated single-layer GO nanosheets. However, the RGO was simply
prepared by heating the GO powder for 3 min at 300 °C. The RGO-TNTAs composite was
fabricated by immersing the pure TNTAs sample in a prepared RGO mixture (0.5 mg/L) under
ultrasonication for 20 min.

Finally, the TNTAs sample was dried at 60 °C for 5 h.

2.6. Preparation of TNTAs/Au composite

The Au nanoparticles were successfully deposited on the surface of TNTAs using a simple
electrochemical deposition method similar to the previously reported studies [26, 27]. Briefly, a
Ti foil was employed as an anode while the as-prepared TNTAs sample was utilized as a cathode
in an ethylene glycol electrolyte (125 mL) containing HAuCl, (0.125 g). The electrochemical
process was conducted for 3 min under a voltage of 4 V and at a temperature of 25 °C. The sample
was then cleaned with distilled water, dried and annealed at 550 °C for 2 h to obtain well-ordered,
Au-deposited TNTAs.

2.7. Photocatalyst Characterizations

The prepared samples were characterized using both X-ray diffraction (XRD) patterns and Field
Emission Scanning Electron Microscopy (FESEM) images. A D8 Bruker diffractometer was
employed for obtaining the XRD patterns for investigating the crystalline phases and crystals
structure of the prepared samples while a Hitachi SU8020 FESEM microscope was used to study
the surface morphologies of the samples in this study.

2.8. Photocatalytic performance and reactor set-up

A stainless steel reactor equipped with a quartz glass window, Xe lamp, inlet and outlet valves
was employed for investigating the photocatalytic CO, reduction performance of the prepared
samples.

Prior to the photo-reaction, the system was purged with N, gas for the removal of any other gases.
Then a purified CO, gas was fed to the system after being passed in a water bubbler for carrying
the H,O molecules with the CO, gas.

The CO; reduction process was started after switching on the light source and continued for 4 h.
However, a gas sample was drawn using a gas syringe through the sample point and injected to
a gas chromatograph (Agilent GC 6890 N, USA) for analyzing the methane amounts. Figure 1
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illustrates the whole reactor set-up used for the photo-conversion of CO, gas into CH..
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Figure 1. The photo-reactor set-up used for the conversion of CO; into CHj4 under visible light.

3. RESULTS AND DISCUSSION

3.1. Characterization

3.1.1. X-ray Diffraction (XRD) Analysis

Figure 2 shows the XRD patterns of pure TNTAs, modification composites and modified
TNTAs. The pure TNTAs displayed several peaks of TiO, anatase phase at 20: 25.27°, 37.7°, 48.1°,
55.1°, 62.5°, corresponding to the (101), (004), (200), (211) and (204) crystallographic planes,
respectively (JCPDS card No. 21-1272) [28-30] in addition to the rutile phase at 20: 27.3°, 36.09°,
54.2°, 69.1°, attributed to the crystal planes of (110), (101), (105) and (301), respectively (JCPDS
card No. 21-1276) [29, 31]. The g-CsN, appeared with its prominent diffraction peaks at 26:
12.8° and 27.3°, which are indexed to the (100) and (002) lattice planes of g-C;N, (JCPDS No.87-
1526), respectively [32, 33]. Both peaks were also appeared in the TNTAs/g-CsN,4 sample. The
RGO exhibited a broad peak at 20: 23.7° and a small peak at 20: 42.7° which can be attributed to
the (002) and (111) RGO diffraction planes, respectively, [34, 35].
However the RGO peaks did not show in the TNTAs/RGO since they might be overlapped with
the TNTAs peaks. The XRD pattern of pure MOF displayed strong diffraction peaks at 6.7° (101),
9.7° (200), 11.5° (211), 16.6° (222) and 17.9° (312) which are in agreement with the previously
reported studies [23, 36, 37].

Clearly, all MOF peaks were also appeared in the TNTAs/MOF sample. It is worth mentioning
that no peaks were shown for the TNTAs/Au composite which might be attributed to the low
content of Au in the binary composite.

Table 1 summarizes all the XRD diffraction peaks of the tested samples with their ascribed
positions and other relevant details.
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Table 1. The samples XRD diffraction peaks with their ascribed positions and other relevant details.

138

20 (degree)

Sample Diffraction Peak | Position (20) Phase JCPDS card No.
TNTAs (101) 25.27° Anatase 21-1272
TNTAs (004) 37.7° Anatase 21-1272
TNTAs (200) 48.1° Anatase 21-1272
TNTAs (211) 55.1° Anatase 21-1272
TNTAs (204) 62.5° Anatase 21-1272
TNTAs (110) 27.3° Rutile 21-1276
TNTAs (101) 36.09° Rutile 21-1276
TNTAs (105) 54.2° Rutile 21-1276
TNTAs (301) 69.1° Rutile 21-1276
g—C3N4 (100) 12.8° - 87-1526
g-C3N4 (002) 27.3° - 87-1526
g-CsNy (002) 23.7° - 87-1526
RGO (111) 42.7° - 26-1080
RGO (101) 6.7° - 26-1080
MOF (200) 9.7° - -
MOF (211) 11.5° - -
MOF (222) 16.6° ; ;
MOF (312) 17.9° ; ;
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Figure 2. XRD patterns of pure and modified TNTAs samples.
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3.1.2. Field Emission Scanning Electron Microscopy (FESEM)

Figure 3 (a-e) shows the FESEM images of pure TNTAs, g-C;N4, MOE, RGO and Au, respectively.
The top view image of TNTAs sample in Figure 3 (a) shows hierarchical, clean and open-pores
TiO; nanotubes with average inner diameter of about 90 nm and tube length reaching up to 5pum.
In Figure 3 (b), the graphitic carbon nitrides displayed a layered compact nanosheet structure.
Similar to g-Cs;Ny, the RGO sample displayed large nanosheet structure reaching up to 10 pm in
length as shown in (Figure 3 (d)). However, both NH,-MIL-125(Ti) MOF (Figure 3 (c)) and Au
nanoparticles (Figure 3 (e)) displayed spherical-like structure with approximate diameters of 80
and 100 nm, respectively. All the top (Figure 3 (g-j)) and cross-sectional view (Figure 3 (i-0))
FESEM images of the TNTAs-modified samples displayed good distribution and dispersion of
the g-CsN4, MOFE, RGO and Au over and between the tube wall revealing the effectiveness of the
synthesis methods used in this study.

Figure 3. (a), (b), (¢), (d) and (e) FESEM images of pure TNTAs, g-CsN4, MOF, RGO and Au,
respectively, (f) cross-sectional view image of TNTAs, (g), (h), (i) and (j) top-view images of TNTAs/g-
CsNy, TNTAs/MOF TNTAs/RGO and TNTA/Au, respectively, (k), (1), (m), (n) and (o) cross-sectional

view image of pure TNTAs, TNTAs/g-Cs;N4, TNTAs/MOF, TNTAs/RGO and TNTA/Au.

3.2. Photocatalytic CO; reduction

3.2.1. Photocatalytic performance of TNTAs

As shown in Figure 4, the pure TNTAs sample exhibited a continuous increasing production of
CH, during the period of visible light irradiation which lasted for 4 h. However, a maximum CH,
production rate of 62.66 umol mh™' was exhibited after. The experimental investigation revealed
the ability of TNTAs to convert the CO, gas into CH, in the presence of water after a serious of
redox (reduction and oxidation) reactions. Compared to literature, Sim and co-workers [38] have
reported the performance of pure TiO, nanotube arrays for photocatalytic reduction of CO; into
CH, under visible light irradiation with a production rate of 1.28 ymol m?h'.

However, a CH, production of 2.88 pmol m™ h™ was achieved with the RGO/Pt-modified TiO,
NTs. In 2018, Kar and co-workers [39] have also reported similar results for photocatalytic
CO; reduction into CH, with an evolution rate of 67.9 umol g* h™' using flame annealed TiO,
nanotubes under visible light.
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Figure 4 The amount of CH, produced over pure TNTAs after 4 h of light irradiation.

3.2.2. Effect of TNTAs modifications

The effect of modifying TNTAs with various materials was also studied (Figure 5). Obviously,
the photocatalytic efficiency of TNTAs was improved with the modification of all used materials.
The highest production rate (460.3 umol m?h'') was observed with the g-CsNs;-modified TNTAs
sample, this represents about 7 times higher production compared to that of pure TNTAs. This
was mainly attributed to the efficient heterojunction constructed between the g-CsN,-and TNTAs
which suppressed the recombination of photo-generated electron-holes pairs.

500
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~ 300
T
)
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(o]
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§ 200
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(%)
=]
©
100 I
o
0
g-C3N4 MOF RGO Au

TNTAs modification material
Figure 5. The effect of modifying TNTAs on the photocatalytic CO, reduction to CHa.

Compared to pure TNTAs, the TNTAs/MOFE, TNTAs/RGO and TNTA/Au composites exhibited
higher results of 263.7, 194.2, 337.3 umol m™ h™, respectively. The NH,-MIL-125(Ti) MOF is
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known for its high ability for the adsorption of CO, gas which is beneficial in the photocatalytic

process.

Table 2. A comparison of using different materials in modifying TNTAs for increasing the performance

of photocatalytic CO; reduction into CHa.

Production Enhancement
Co-catalyst | Synthesis method Main role of co-catalyst rate compared to
pmolm?h! pure TNTAs
Ultrasonic-
ino efficient h I
o-CsN, assisted dying- Constructing efficient eterOJ.unc'tlon 4603 7 times higher
o to suppress charges recombination
deposition
MOF Dying-deposition Increasing CO; adsorption 263.7 4 times higher
RGO Immer_51.on— Improving charges separation and 194.20 3 times higher
deposition transfer
Electrochemical- S . . .
Au o Increasing visible light harvesting 337.3 5 times higher
deposition

However, the addition of RGO provides good optoelectronic characteristics which can enhance
the TNTAs performance while the Au nanoparticles can increase the ability of visible light
harvesting in addition to its unique characteristic of LSPR (localized surface plasmon response)
effect. Table 2 summarizes the comparison of effect of using different materials in modifying
TNTAs for increasing the performance of photocatalytic CO, reduction into CH..

4. CONCLUSION

To summarize, this study investigated the use of TiO, nanotube arrays for the photo-conversion
of CO; under visible light and in the presence of water. The TNTAs photocatalyst was modified
with several materials through different synthesis methods. The effect of modifying TNTAs
was investigated using both characterization analyses and experimental work. The maximum
performance for the CO; reduction to CH4 was exhibited with the TNTAs/g-CsN4 composite.
This study provides new ideas for making and developing low-cost Ti metal-based nanomaterials
which can be used in the future for recycling the CO, gas emissions into useful fuels.
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