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ABSTRACT: This study aims to synthesize and characterize the Grassy-Free standing TiO2 nanotubes
( Gfs-TiNts) and evaluate their performance for the photocatalytic degradation of Electrochromic Black
T-dye (EBT). The scalable 2-step anodization technique is selected to formulate the Gfs− TiNts. The
synthesis route provided ordered and a few micrometers long TiO2 nanotubes with nanotubular morphol-
ogy. Initially, Ti base layer is utilized as a substrate for the synthesis of 1 -step anodized TiNts. Certain
parameters are carefully chosen to synthesize the nanotubes. After 2nd step anodization, the nanotubes
are removed from the substrate and obtained as free standing Grassy TiO2 nanotubes. Furthermore, the
various characterizations are also performed including Field-emission Scanning Electron microscopy (FE-
SEM), UV-visible spectroscopy (UV-vis), and photoluminescence spectroscopy (PL) respectively. These
characterizations confirmed the formation of ordered free standing TiNts. Through these viable character-
izations, some morphological, structural and optical properties are also analyzed. The optical band gap for
Gfi-TiNts is also calculated through tauc-plot method that aided in the requirement for the Photodegra-
dation. At the end, the synthesized nanomaterials were utilized for the photocatlalytic conversion of the
Electrochromic Black T-dye (EBT). The synthesized TiNts due to their grassy nanotubular morphology
and a lower charge recombination resulted in 40% photocatalytic conversion ( 10mg/L ) within 80 minutes
Ux-light exposure. Thus, the synthesized Gfs-TiNts based nanomaterials can contribute to sustainable
environment management through the degradation of various toxic organic dyes.

Received: 22 November 2024
Accepted: 31 December 2024
DOI: https://doi.org/10.71107/s4bpbn64

I. INTRODUCTION

In the recent few decades, industries have discharged
significant amount of organic pollutants into the envi-
ronment and posing a serious alarm to environmental
species1. In the light of serious environmental issues,
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industrial water waste treatment is becoming more sig-
nificant in the field of environmental technology2. His-
torically, traditional methods for removing organic pol-
lutants from waste waters included adsorption, biolog-
ical treatment, coagulation, ultrafiltration, and ion ex-
change methods1. These procedures are not effective
and may not break down contaminants in waste wa-
ter. For instance, adsorption technology does not de-
grade the pollutants, but rather transfer pollutants from
one medium to another hence contribute to secondary
pollution. Among these various methods the photocat-
alytic processes have the potential to degrade an exten-
sive range of organic pollutants at ambient conditions
without generating harmful intermediates. In this pro-
cess, photocatalyst can use solar energy to convert it
into chemical energy and thus reduces the pollutants.
The entire photocatalytic process is usually based on
following main steps; charge carriers’ generation, sep-
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aration, and consumption by redox reaction. On the
photocatalyst surface, the reactive oxygen species and
holes can recombine with the donor species leading to
degradation of the organic pollutants including dyes3.
Photodegradation is a cost-effective method for convert-
ing organic contaminants into non-toxic, low-molecular-
weight molecules by photo-assisted redox processes4.

Currently various semiconductors are used in photo-
catalysis. The semiconductor photocatalysts, includ-
ing CdS,SnO2,WO3,TiO2,ZrTiO4, and ZnO , titania
(TiO2), offer advantages such as transparency, broad
band gap, and biological and chemical inertness5. Over
the last decade, numerous research efforts have been
carried out to synthesize various TiO2 nanostructures
for example, nanofibers, nanoparticles, nanotubes etc.
The TiO2 nanoparticles are most widely industrially
produced nanostructures. However, compared to other
Tio2 nanostructures the hollow structure in TiO2 nan-
otubes results in an enormous accessible surface area.
As well as, the morphology and surface area in TiNts
is simply controllable6,7. Anodized titanium oxide nan-
otubes have been used in photocatalysis.8. TiNts are
ideal for this application due to their porous structure,
large effective surface area, and good electrochemical
and corrosion properties. Controlling the voltage, elec-
trolyte composition, pH , anodization time, and temper-
ature allows for finetuning of nanotube arrays to desired
dimensions9–11. TiNts are commonly manufactured on
titanium substrates via anodization, resulting in a ver-
tically aligned and highly ordered nanotube array12,13.
This alignment results in a uni-directional charge trans-
port and enhanced charge separation, as well as direc-
tional diffusion pathways14. The TiNts due to being
connected to the Ti substrate, requires no further im-
mobilization for application purpose.
Among various organic dyes EBT, an azo dye used

in the textile industry which is toxic and carcinogenic
due to its chemical stability. Its presence in drink-
ing water can be deadly to human health15. EBT is
an anionic dye with a stable chemical structure that
can resists degradation by microbes and light16. Sev-
eral photocatalysts have been reported to degrade EBT
dye including Eu-doped ZnO,CoCr2O4,NiS-Analcime
composite, Fe3+ and Pt4+ impregnated TiO2, among
others14,17–19. TiNts for the degradation of various dyes
has already been reported in literature. For example,
the open-top-tube TiNts was found to be promising in
the degradation of methylene blue (MB) reaching 85%
photodegradation after 480 min irradiation20. In an-
other study, annealed grassy TiO 2 nanotubes exhib-
ited good photoreduction of Cr(VI) by 100% reduction
within 30 min of UV irradiation21. In a recent study

by R. Ashega Sherly et al, the pristine TiNts resulted
in 42% photodegradation of methyl violet dye in 500
minutes22. Till now, the research area for the grassy
TiNts is yet not widely explored in photo assisted ap-
plications.

In this study, pioneering work for the synthesis and
characterization of the amorphous Grassy free standing
titanium dioxide nanotubes is aimed to explore their
potential for dye degradation. The 2-step anodization
approach with specified parameters is applied to syn-
thesize the free standing highly ordered nanotubular
structures. The morphological, structural and optical
properties are determined for the synthesized Gfs-TiNts.
Specifically, the excellent optical properties and unique
grassy nanotubular morphology will enabled them to
harness light effectively. To the best of our knowledge,
till now the grassy TiNts are not widely evaluated for
the photodegradation performance of organic dyes and
pollutants. Current research is the first attempt to syn-
thesize the anodized Gfs-TiNts to degrade the toxic azo
dye EBT ( 10mg/L ) in an aqueous solution. This study
reveals that instead of being grassy, the presence of an
anatase phase and enhanced light absorption properties
can result in better photo degradation.

II. METHODOLOGY

The material used as substrate in the present study was
titanium ( 99.6% purity) sheet obtained from online Ti
shop (available at http/// www.ti.shop.com). Chemi-
cals used were ethanol, acetone, deionized water, ethy-
lene glycol, and ammonium fluoride (Sigma Aldrich) for
the washing of Ti sheet and making electrolyte, respec-
tively. All the chemicals were of analytical grade and
used without any further purification.

Titanium sheets were cut into 2 cm×4 cm pieces and
polished with emery paper to obtain the oxide free,
shiny and smooth surface. The sheets were placed in
ultrasonic bath and cleaned in acetone, ethanol, and
deionized water for 10 minutes each to eliminate sur-
face scums. For the first step anodization, the foils
were anodized in an electrolyte solution consisting of
ethylene glycol, 0.3wtNaNH4 F, and 2vol% deionized
water. The explanation for using the ethylene glycol
electrolyte is explained elsewhere23. A titanium sheet
served as the anode, and the platinum sheet act as
the anode. Both anodization steps were carried out at
50 V and 20◦C temperature. The first step anodiza-
tion was carried out for 2 hours. After anodization,
the TiO2 anodized layer was removed by sonication in
deionized water for 10 minutes and then dried in air
(Table I). This step left a patterned titanium surface
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suitable for further anodization. The titanium sheets
were subjected to the same anodization conditions as
in step-2 for another 4 hours. This process resulted in
the formation of a highly ordered TiO2 nanotube array
with improved tubular quality. The anodized samples
were soaked in deionized water at room temperature for
5−6 hours. This step detached the TiQ2 nanotube films
from the titanium substrate. Thus the self-detached
TiNts were collected and ground to get fine powder.
The Photo-catalysis performance of Grassy-Free stand-
ing TiO2 nanotubes (Gfs-TiNts) was studied by decol-
onization of ETB dye. Firstly 20 PPM ( 10mg/L ) so-
lution of ETB dye (PH = 7) was prepared and 6 mg of
catalyst was added. After stirring the solution was ex-
posed to a Xenon Lamp light source ( 254 nm,150 W
) placed at the distance of 15 inches. After every 10
minutes 4−5ml solution was extracted and dye concen-
tration was determined by finding absorbance using ux-
visible spectrophotometer. The schematics preparation
of TiNts is listed below in Figs. 1 and 2.

FIG. 1: Schematics for the preparation of Gfs-TiNts.

III. MATERIAL CHARACTERIZATION

The surface morphology, average particle size, crys-
talline nature, UV-visible absorption peaks and pho-
todegradation were measured. The surface morphol-
ogy and average particle size was estimated by TES-
CAN MAIA3 TriglavTM Scanning Electron Microscopy
(SEM). The optical properties were studied by Spectro
UV-VIS Double Beam UVD3500 Labomed Inc. The
photodegradation was conducted under light of a 150
W fluorescent high-pressure Xenon lamp (Philip ML 150
W).

FIG. 2: The grassy free standing TiNts during
detachment from Ti Substrate.

IV. RESULTS AND DISCUSSION

A. Morphological analysis

The unique two-step anodization methods are used to
create TiNts as seen in the schematic Fig. 3. Fig. 3(a,
b) displays the morphology of the free-standing nan-
otubular grassy nanostructures. Amorphous layers are
visible in the SEM image. The free-standing tubular
uniformly thick structures are formed with measuring
30−35 nm outer diameter. Figures display the top and
cross-sectional FE-SEM images. The tube walls which
have an inner diameter of roughly 60−100 nm are well
divided into discrete entities. It is evident from the tube
top surface has irregular shaped structures as show in
Fig. 3 and they have a disintegrated shaped grass that
is partially etched with the original tube layer following
anodization in the electrolyte based on NH4 F+ ethy-
lene glycol24. During the anodization mechanism, the
first stage anodization in fluoride ions containing elec-
trolyte forms nanotubular layers on the Ti substrate.

With extremely high adhesion, these anodic TiNts ar-
rays are formed perpendicular to the titanium substrate.
The tube walls are usually deformed by chemical etch-
ing, resulting in the creation of extremely porous TiO2
nanggrass formations on the tube tops25. The anodized
TiO2 nanggrassy layers must be resilient in the chemi-
cal etchant in order to separate from the substrate. In
fact, the amorphous oxides are significantly dissolved
out in the etchant even if the layer thickness is higher.
This procedure results in free-standing TiO2 nanggrassy
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TABLE I: Processing Parameters for Two-Step Treatment

Parameters First Step Second Step
Time 2 hours 4 hours
Temperature 20◦C 20◦C
Voltage 50 V 50 V
Electrolyte Ethylene Glycol based Ethylene Glycol based
Treatment Sonicated in DI water (10 minutes) Dipped in DI water (5-6 hours)

tubular nanostructures that are used as a photocatalyst
to break down dyes.

B. Raman Spectroscopy

Raman spectrum depicts the weak and broad peaks
which are linked to the amorphous state’s lack of crys-
tallinity as showed in Fig. 4. A prominent peak at
around 154 cm−1 in the Raman spectra indicates the E1
g vibration mode which is linked to the anatase struc-
ture’s symmetric stretching vibration of O − Ti − O40.
The B1 g, A1 g, and Eg modes of the anatase phase
were identified as the cause of the vibrations detected
at 390.0,511.4, and 632.1 cm−1, respectively. The six
Raman-active vibrational modes of anatase-phase TiO
2 are A1 g +2 B1 g +3 Eg , per earlier studies26. Sym-
metric stretching vibration of O-Ti-O, symmetric bend-
ing vibration of OTi − O, and anti-symmetric bending
vibration of O − Ti − O lead to Eg,B1 g, and A 1 g
respectively27. In comparison to the O-Ti-O stretch-
ing mode, the Eg peak is more susceptible to oxygen
vacancies28. Thus it has confirmed the presence of
TiNts with grassy morphology with a peak for anatase
phase TiNTs. Interestingly the tubes are still not an-
nealed but the dipping in deionized water for a long
time 5 − 6 hours can result in spontaneous water as-
sisted reaction. This mild crystallization mechanism
involves the dissolution and precipitation processes in
which a spatial atomistic order is induced by water
molecules29. The effectiveness of the anatase phase in
the photocatalysis may be explained by the presence
of surface states that trap charge carriers and increase
their involvement in the redox reactions. Effective re-
actant adsorption and interaction with photogenerated
species may become possible by the anatase phase’s high
density of active sites and advantageous surface energy.
The anatase phase is known to particularly work well in
the UV-induced photocatalysis applications. Thus, the
anatase structure in the present investigation may en-
able an improved production of reactive oxygen species
(ROS), which are essential for photocatalytic degrada-
tion. Anatase TiNts are preferred for photocatalytic
application as they exhibit a longer carrier charge life-
time as well as being more photoreactive This demon-

strates how important anatase TiNts are for facilitating
the efficient dynamics of electron-hole pairs and surface
contacts required for EBT dye degradation21,30.

C. Optical Properties

Fig. 5 shows the optical absorption spectra of amor-
phous Gfs- TiNTs with Nanggrass layers in wavelength
range 200 − 800 nm. Absorption occurs in the ultravi-
olet to visible area, with absorption peak at 335 nm ,
corresponding to the π−π∗ transition31. The Fig. 6
illustrates the optical band gap of TiO2NTs with Nang-
grass layer by plotting (ahw) vs photon energy ( kv )
and extrapolating the straight line to zero absorption
to obtain the effective band gap energy ( Eg ) value.
The direct band gap is calculated by using the Stern
equation31.

(ahv)2 =B (hv−Eg)

The equation includes absorbance (a), light constant
(v) in wavelength units, Planck’s constant (h), band gap
energy (Eg), and a constant (k). To measure the direct
band-gap, n is set to 2. The Tauc plots of the absorp-
tion spectra in Fig. 6 show that band gap of Gfs is
about 2.80 eV . The nanggrass may enhance the op-
tical performance of TiNTs due to its increased surface
area and potential for light trapping31. Additionally, we
propose that this behavior results from flaws that create
extra states at the band gap close to the valence band
(VB) or the conduction band (CB). Oxygen vacancies
and titanium interstitials are examples of material im-
perfections that can change a material’s electrical and
optical characteristics32. By offering a direct channel
for electron transport, the vertically oriented nanotubes
minimize bulk defects and lower charge recombination
rates. A greater percentage of photo-generated elec-
trons and holes are available for the photocatalytic pro-
cesses affecting the degradation process. Better photon
harvesting is possible by the enhanced light scattering
that nanotubular structures may provide within their
inner channels. This may also promote the creation of
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FIG. 3: FE-SEM images for the prepared Gfs-TiNts (a,b).

FIG. 4: Raman spectroscopy for the prepared
Gfs-TiNts.

electron-hole pairs, essential for photocatalysis, by in-
creasing the use of the UV-visible light spectrum33,34.

D. Photocatalytic Degradation Performance

Photocatalytic EBT dye degradation is determined by
UV-visible spectroscopy using Grassy free amorphous

FIG. 5: UV-visible Absorbance spectra and Bandgap
estimation for Gfs-TiNts.

Titania nanotubes photo-catalyst. Photocatalytic test
is carried out under Xenon lamp for 80 min . The stan-
dard calibration curve assesses the rate of sample degra-
dation at its peak. Beer-Lambert’s law states that the
concentration of a dye is proportional to its absorbance.
Degradation (%) is computed using the formula below.
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TABLE II: Previous Studies for the Photodegradation of various Dyes.

Samples Dye Time Source / Degradation Ref.
TiO2-based photocatalyst EBT 3 hours UV light / 80% 41

Ni:TiO2 nanocomposites EBT 180 min Visible lamp / 90% 42

Anodized TiO2 nanotubes Methylene blue 180 min UV light / 35% 33

Free-standing TiO2 TiNts Methylene blue 150 min UV light / 38% 36

TiO2 NPs EBT 150 min UV light / 25% 35

Vertically aligned TiNts Methylene blue 180 min UV light / 30% 34

Gfs.-TiNts EBT 80 min Xenon lamp / 40% Present Work

FIG. 6: The photodegradation of EBT dye using
Gfs-TiNts.

% Degradation = [(Co −CT )/Co]×100

C0 and CT represent the highest and lowest concen-
trations of ETB dye before and after photo irradiation
respectively. Fig. 5 depicts the rate of photo degrada-
tion. The photo catalytic ETB dye with Gfs-nanotubes
shows 40% degradation in only 80 min . When ex-
posed to Ux light, the degradation process is started
by the photo generated electron-hole pairs in the nan-
otubes. The electrons of the valence band (VB) will
move to the conduction band (CB). Then the holes and
electrons photo-generated will be transported to the
TiO2/EBT dye solution interface and react with the
adsorbed molecules. After that, the dye molecules are
oxidized when holes

(
h+)

combine with adsorbed water
or hydroxide ions to generate ·OH radicals. The O2∗−is

created and this subsequent reaction breaks down the
dye. The specific surface area is greatly increased by
the nanotubular structure and further by the grassy
architecture. This increased surface area can increase
the interaction between the dye and photo superoxide
anions

(
O2•−)

and hydroxyl radicals (·OH) by provid-
ing a large number of active sites for the adsorption of
EBT dye molecules. The production of reactive oxy-
gen species (superoxide anions and hydroxyl radicals)
may be enhanced by the high aspect ratio of the TiNts,
which also guarantee the effective photon absorption in
the UV range34–36.

Thus, this study found that manufactured nanotubes
can oxidize ETB dye by producing electron-hole pairs
when exposed to light. The rate of photo degradation
is determined by the electrostatic interaction between
dye molecules and the catalyst surface. The surface of
nanotubes is grassy and less porous that resulted in less
degradation rate. Another element that may increase
photocatalytic activity is nanoporosity of TiNts, which
creates additional trapping sites on the catalyst sur-
face because of its larger specific surface area32,37,38.
By trapping photo generated electrons and lowering
the conduction band, these locations slow down the
rate of recombination. By improving material trans-
fer, nanoporous shapes enable more molecules to adsorb
onto the material’s surface38,39. The comparison from
literature for the photodegradation of EBT dye by uti-
lizing TiNts is presented in Table II. In our case, the
grassy materials’ tubular shape may also offer a high
surface-to-volume ratio, increasing the quantity of ac-
tive sites accessible for photocatalytic processes. This
structural characteristic directly affects photocatalytic
performance by facilitating the effective adsorption of
EBT dye molecules on the surface.

V. CONCLUSION

In current study, grassy free standing TiO2 nanotubes
were successfully synthesized by 2 -step anodization
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method and assessed for their photocatalytic efficiency
in EBT dye degradation. The FESEM analysis revealed
the grassy nanotubular architecture with length and
outer diameter around 15µ m and 60−100 nm, respec-
tively. The distinctive grassy morphology of the nan-
otubes improved the surface area and light-harvesting
capabilities, contributing to noteworthy photocatalytic
performance. The Raman analysis has revealed the
presence of anatase phase as a result of mild crys-
tallization occurred during water dipping treatment.
From Ux-visible characterization the band gap of Gfs-
TiNts estimated around 2.80 eV . The grassy aligned
tubular morphology, presence of anatase phase, re-
duced bandgap and light absorption towards longer
wavelengths has greatly affected the surface area as-
sisted photon absorption, and light trapping behavior
in TiNts. Under optimized anodization conditions the
Gfs-TiNts achieved 40% degradation of the EBT azo
dye in 80 minutes under Uy light exposure. This study
also highlighted the importance of tailored nanotubu-
lar grassy structures in refining photocatalytic organic
dyes degradation and flagging for further improvements
in wastewater treatment technologies.
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