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In this study, urea-doped titanium dioxide (urea-TiO,) nanoparticles were synthesized through an in situ heat-
assisted sol-gel technique using titanium (IV) isopropoxide as the precursor for titanium dioxide and urea as a
nitrogen source. The nanoparticles were calcined at 300, 500, and 700 °C to study the effect of the calcination
temperature on their function as self-cleaning material. The nanoparticles were characterized using a scan-
ning electron microscope and a transmission electron microscope for morphology, X-ray diffraction, Raman
spectroscopy, and Fourier transformed infrared spectroscopy for structure, UV-Vis, and photoluminescence
spectroscopy for optical analysis. The self-cleaning study was carried out by letting samples degrade me-
thylene blue and Rhodamine-B under UV irradiation. The morphological analysis reveals particle size dis-
tribution with more disparity at higher calcination temperatures. At lower calcination temperatures, the
dopant caused high clustering of particles, keeping them linked together in muddy form and layers. Structural
analysis showed that the particles were nanostructured with average crystallite sizes ranging from 2.35 to
16.13 nm and phase transformation from anatase to rutile after calcining at 700 °C. The nitrogen presence
created a lattice disorder in the TiO, structure, and the impact of higher calcination temperature on the
nanoparticles further shifted the band toward a higher wavenumber under FTIR analysis. The optical
bandgap reduced from 3.29 eV at 300 °C to 3.09 eV at 700 °C. The determined values of the rate constant
from the photodegradation test showed that the highest rate was obtained at 700 °C, indicating enhanced self-

cleaning functionality with an increase in calcination temperature of urea-TiO,,

characterization: rhodamine-B,
self-cleaning, temperature variation

Keywords photocatalysis,

1. Introduction

Materials with self-cleaning qualities continue to be in high
demand in many applications such as photovoltaic surfaces
(Ref 1), car bodies (Ref 2), window glass (Ref 3), water
purification (Ref 4), building surfaces (Ref 5), medical
equipment (Ref 6), and tarred road surfaces (Ref 7). Any
substance that can degrade, disseminate, and rebuff contami-
nants or dirt off its surface without external assistance is a self-
cleaning material. These materials are inculcated into surfaces
to be either hydrophilic or hydrophobic. In the former, water
molecules in contact with the surface roll and pick up dirt away
from the surface. In the latter, the water molecules spread over
the surface, chemically breaking down and absorbing dirt off
the application surface. Materials suitable for self-cleaning
must be long-lasting, cheap, non-poisonous, anti-corrosive, and
stable chemically and mechanically (Ref 8). One common
material possessing most of these qualities is titanium dioxide
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(TiO,) (Ref 9). It is a superset photocatalyst known to degrade
several environmental pollutants due to its robust oxidizing
ability, resistance to heat, and chemical sturdiness (Ref 10).
TiO, is found naturally in three different crystal forms (anatase,
rutile, and brookite) with optical bandgaps of 3.0, 3.21, and
3.13 eV, respectively, (Ref 11). This wide bandgap of TiO,
restricts the amount of solar energy it can absorb, thereby
limiting its photocatalytic and, thus, self-cleaning ability under
sunlight (Ref 12, 13).

Numerous methods have been investigated to enhance the
photoresponse and self-cleaning functionality of TiO,
nanocomposites to address this rudimentary problem. Ilkhechi
et al. conducted an extensive study on TiO, to address this
limitation and enhance its optical properties by doping it with
other metallic and nonmetallic elements (Ref 14-16). They
observed a significant drop in its absorption band edge. Doping
is a well-adopted scientific strategy for improving materials’
optical, structural, and wettability properties (Ref 17-19). Other
methods adopted to improve the photocatalytic properties of
TiO, include: exciting it with other low band gap materials such
as CdS and PbS (Ref 20, 21), fine-tuning the phase and the
crystallite size (Ref 22-25), and synthesis temperature variation
and post-synthesis heat treatment (Ref 26-28). Ilkhechi and
Kaleji, using the sol-gel method and varying calcination
temperatures from 500 to 1000 °C, examined the effects of Zr
and Si dopants of different concentrations on crystallite size,
phase transformation, and photocatalytic activity of titania
nanopowders and observed that the doped samples revealed a
more vigorous photocatalytic activity than the bare TiO, (Ref
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29, 30). This enhancement was attributed to the decrease in the
rate of photo-generated electron—hole recombination that
occurs when Zr4 + and Si4 + substitute Ti4 + in the titania
network (Ref 30-32). This enhancement of TiO, has increased
opportunities for its application and opened doors for further
studies.

The doping of TiO, with nitrogen has been observed to
create a tremendous shift in the absorption band edge of TiO,
(Ref 33). Above the TiO, valence band, the nitrogen 2p states
give rise to permitted energy levels. The visible-light activity of
these doped systems is explained by the metal, which provides
permissible energy gaps not far from the conduction ring and
the transition from the proper 2p nitrogen positions to the
conduction band (Ref 34, 35). Urea is a hydrocarbon with a
high nitrogen concentration that could be used as a TiO, doping
agent (Ref 36). Urea-doped TiO, nanoparticles have been
investigated for different photocatalytic abilities by letting them
degrade various types of dyes (Ref 37), altering their synthesis
process (Ref 38), and varying their doping concentration on the
different synthesis routes (Ref 39, 40).

The outcomes of the investigations in the preceding
paragraph all confirmed that urea-doped TiO, is very photo-
catalytic and, thus, suitable for self-cleaning applications. The
sol—gel method has also been a popular choice for its synthesis
owing to its ease of control, simplicity, and capability of mass
production at a low cost. But, the clustering of particles from
this method requires a post-synthesis heat treatment for better
crystal anatomy and uniform distribution of the particles.
However, the influence of post-synthesis heat treatment on
urea-TiO, has yet to be adequately reported in the open
literature. In this paper, an in situ sol-gel method assisted by
heat was adopted to synthesize urea-TiO, nanoparticles, and the
effect of the calcination temperature on the urea-TiO, nanopar-
ticles was investigated. The doping helped to sensitize the light
visibility of TiO, powders with interstitial molecular architec-
tures of nitrogen and its self-cleaning ability under different
temperatures were examined.

2. The Experiment

2.1 Materials

The materials used in this experiment and their suppliers are
indicated in Table 1.
2.2 In Situ Synthesis of Urea-doped Ti0,

The synthesis of the urea-doped TiO, was done in situ. The
chemicals used were all obtained in analytical grades and
administered as such. First, 97% titanium (IV) isopropoxide

Table 1 List of chemicals, their suppliers, and their functions

was solvated in 99.9% ethanol at a ratio of 1:5 while stirring.
After 30 minutes, the solution was gradually added with acid
stock—made by mixing nitric acid and de-ionized water in a
1:50 ratio—while under 500 rpm magnetic agitation. After 30
more minutes of agitation, Swt% urea solution was put in the
mix dropwise. The entire combination was then swirled again
for 1 hour and 30 minutes while being heated at 60 °C to
ensure proper hydrolysis. Afterward, the TiO, nanoparticles
were dried in an oven for 24 hours at 100 °C. For temperature
fine-tuning, the resulting urea-TiO, nanoparticles were heat
treated at 300, 500, and 700 °C for one hour.

2.3 Characterization

With an x-ray diffractometer (PHILIP-XPERT PRO), Ra-
man spectroscopy (class 1 Laser thermos-scientific DXR2
SmartRaman), and Fourier transformed infrared spectroscopy
(SHIMADZU 2450), the produced urea-doped TiO, nanopar-
ticles were examined for structural properties. A TESCAN
(Oxford Instruments, VEGA3 X-MAX) SEM and a JEOL JEM
2100 80 T X-MAX TEM were used for morphological studies.
ImageJ was further employed to examine the grain size and
distribution. The optical characteristics were investigated by
employing a UV-2450 spectrophotometer and an RF-6000
spectrofluorophotometer (Shimadzu) at an excitation wave-
length of 220 nm and a scan speed of 6000 nm/min. An MB
and RhB dye degradation tests were performed under UV
irradiation using 40 W, 40-cm-long TS BLB lamps for self-
cleaning analysis. The test tube was 5 cm below the UV lamp
and 10 cm deep throughout the experiment. With the help of
DF-L 0.22-um filters, the urea-TiO, catalyst was separated after
UV irradiation. The concentrations of the dyes in the samples
taken at 30-minute intervals were studied with a UV-2450
spectrophotometer (Shimadzu).

3. Results and Discussion

3.1 Morphological Analysis

Detailed morphological analysis and the grain size distribu-
tion of the urea-doped TiO, samples are shown in Figure 1.
Figure 1(a), (b), and (c) depicts SEM images obtained after
calcination at 300, 500, and 700 °C, respectively. It is observed
that the urea dopant impacted the high clustering of the
particles at low temperatures keeping the particles glued
together in muddy form with spaces between the layers, similar
to Ananpattarachai et al. (Ref 41). But as the calcination
temperature is raised from 300 to 700 °C, the particles are seen
to be increasingly powder-like with different shapes and sizes.

Supplier Function

Materials Chemical formula
Urea powder NH,CONH,

97% Titanium(IV) isopropoxide Ti[OCH(CHs),]4
99% Ethanol CH;CH,OH

70% Nitric acid HNO;3
De-ionized water H,O

Sigma-Aldrich, USA
Sigma-Aldrich, Germany
Merck Chemicals, SA
Sigma-Aldrich, Germany
Merck Chemicals, SA

Dopant and nitrogen source
Precursor for TiO, synthesis
Synthesis solvent

As stabilizer

To hydrolyze the solution
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Fig. 1 (a), (b), and (c) are SEM micrographs of urea-TiO, calcined at 300, 500, and 700 °C, respectively. (d), (e), and (f) are TEM images for
samples calcined at 300, 500, and 700 °C, respectively, and (g), (h), and (i), respectively, depict grain size and Gaussian distribution at 300, 500,

and 700 °C

The TEM analysis obtained at 200 nm magnification is
shown in Figure 1(d), (e), and (f) for specimens calcined at 300,
500, and 700 °C, respectively.

All the specimens showed tiny particle agglomeration,
especially at 300 °C. As the calcination temperature was raised,
the agglomerated particles were observed to have formed
layers. The average particle size with their Gaussian distribu-
tion graph for the TEM images analyzed using Image]J is shown
in Figure 1(g), (h), and (i) for the respective calcination
temperatures. The average particle size increased as the
temperatures were raised, with the size of 2.42, 10.42, and
16.96 nm obtained at 300, 500, and 700 °C, respectively.

The grain size distribution plot revealed a more significant
disparity in particle size at 700 °C than at 300 and 500 °C. This
may result from the high transformation from the anatase to the
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rutile phase. Uniform particle distribution is desired for better
photocatalytic and self-cleaning applications of urea-doped
TiO;, (Ref 42).

3.2 Structural Analysis

XRD and Raman’s spectroscopy were used to analyze the
structural composition of the created urea-TiO, nanoparticles.
The XRD patterns of urea-TiO, samples at varied annealing
temperatures are displayed in Figure 2. The peak intensities
increased with an increase in calcination temperature. The
appropriate miler indices are given in brackets, and the XRD
peaks are identified as (A) for the anatase and (B) for the rutile
phase. Both anatase and rutile phases were displayed in all the
samples. At 300 °C, the XRD peaks mainly were anatase, with
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Fig. 2 The diffraction patterns of urea-TiO, calcined at 300, 500, and 700 °C

major ones appearing at 20 equal to 25.49, 47.95, 62.77, and
68.99. These angles matched the Akl planes of (101), (200),
(213), and (116), respectively (ICDD card (04-011-0664), while
the few rutile visible peaks appeared at 20 values of 27.39,
35.99, and 54.33 (ICDD card 04-003-0648) corresponding to
hkl planes of (110), (101), and (111) As the temperature was
raised to 500 °C, the anatase peaks were seen to be very
prominent, a sign of better crystallinity. Few rutile peaks
appeared, showing that phase transformation is already taking
place. At the calcination temperature of 700 °C, more rutile
peaks became prominent, indicating that most anatase urea-
TiO, nanoparticles have transformed into the rutile phase. The
most significant rutile peak was found in the patterns for
700 °C at 27.39°, which corresponds to the 4kl plane of R (1 1
0), and the most significant anatase peak occurred at 20 equals
25.30 and is for the pattern calcined at 500 °C. The lower
concentration of the urea species used as a nitrogen source
resulted in most of the dopants being absorbed into the
interstitial spaces of TiO,, leaving no visible nitrogen peak in
the XRD patterns (Ref 43).

The average crystallite size (D) was evaluated using the
Debye—Scherrer formula, as shown in Equation 1 (Ref 44).

D= ki/[f cos 0 (Eq 1)

where D is in (nm?), f§ in radians denotes the full width at
half maximum (FWHM), the wavelength (nm) is represented
by 4, the Bragg’s diffraction angle 0, and & is the shape constant
taken (0.94). The dislocation density, J, and the spacing
between parallel atomic planes, d, were evaluated using
Equations (2) and (3), respectively, while the values of the
lattice constants were calculated using Equation (4) (Ref 45),
with Miller indices of A4(200) used as legends for the anatase
phase and R(002) for the rutile phase

o=1/m (Eq 2)
A
- 2sinf (Eq 3)
1 W4k P
P Ttz (Eq 4)

The range of average crystallite sizes was 2.35-16.13 nm,
considering all the phases as recorded in Table 2 together with
the values computed for the lattice constants (¢ and ¢) of the
urea-doped TiO, nanoparticles for the various calcination
temperatures. The nanoparticles’ microstrain values were
calculated using Equation (5).

8:ﬁ/4tan0 (Eq 5)

The values of the crystallite sizes were consistent with those
obtained by analyzing the TEM images using ImageJ. The
increase in crystallite size is associated with the transformation
from the anatase to the rutile phases and the agglomeration of
smaller particles (Ref 46, 47). The cell volume was calculated
using the lattice constants a and ¢ values.

Further examination of the samples’ structural features was
carried out with Raman spectroscopy, and Figure 3 shows the
spectral bands of each. For samples heat treated at 300 °C, six
anatase phase transitions were identified at the Raman spectral
bands of 145 cm™ (Eg), 197 cm™ (Eg), 397 cm™ (Blg),
518 cm™ (Blg), 640 cm™ (Eg), and 1047 cm™ (Alg) showing
a slight shift toward higher wavenumber (Ref 48). At 700 °C
calcination temperature, rutile phases are observed with
significant peaks at spectral bands of 195, 325, 319, 457, and
607 cm™', matching spectral indices of (Blg), Eg, (Alg), and
(B2g), respectively. The intensities of the peaks increase with

Journal of Materials Engineering and Performance



o
ot o O \O
o R T on
S Al Ao
— O — O — O
X
)
=
= O~ o v —~\©
154 Q5 ooy — Iy
VNSO
= 0 N 00 N 00 N
[ — e o — —
Q
T I o B
-~ v oo
ot o~ O~ O~ O~ © >~
S| cocoSo
Pl s g0
—_ O — O —~ O
Nt onANOA
= N — N = " —
o N O MnNnoOmnoO
T | ©LeLvvvoyY
A en s
Lag]
| NIRRT §
= ANt O —
— &~ QO <
—~o S Yoo
X < 2 o0 Qo T
w NSNS —~3
00 O ¥ O A O
= 00 N oo N O
o —n =10 QN
T nanmandg
cnononoononoon
w
o
=
= T — =N ) — 0
N — N N0 NN
< £ Lo NS ANOD
= = QeSS
g S| SocSsssSS
i
N e
g £ n SO ® O —
= = N R SR o
= d —_ e — —
=
- -
3]
T‘ ~_
7 3 0 NN >
St oWV
b1 S — oo o009
5| B8l 2333833
= e SocecSsS
)
S
o=
= ~
B 5| 2grags
= E —_ <t O — <t —
51 T | v nAaq
= 3 S oo oo o
- -
< =
N
=
e O O O O O O
~ = S oo oOo
=) <l IIIFISTT
= < NN NN
j —_— - —
1
<
e —o—oc =
= § [ R e i o
/g /g g
S
)
» A0
2 S| A aa
- N v~ n S n
RZ] NNANNAN
=
)
=
159 (="
s g Eg Eg E
= o =] = =]
= = IS g IS
= | EEEEEE
) @ ESIESES
o ﬁglr.—‘g_'ﬁ%!
e g Tatasa
= )
v
S
b} ° 5 5] 5}
° 2] o803
£ E ST SERE
=} =1 =}
= & 28282
S| | 33aeEc
= S g8 g
2 £ SRR
3| E| ppeaad
2| Z| E555583
2| P FEEEEEE
&}
=3
« £
P
% -~
- = = =
S < S S S
= Q A @ =

Journal of Materials Engineering and Performance

temperature, confirming better crystallinity as observed with
XRD peaks.

The enlarged inset shows a complete upset of peaks at
500 °C calcination temperature with a broader localized peak
around the spectral band 231 cm™, which can be attributed to
the transition from anatase to rutile phase. Also, in the inset,
band shift toward higher wavenumbers is significant at a
calcination temperature of 700 °C, confirming defects intro-
duced by nitrogen in TiO, lattice structure at this higher
temperature due to changes in particle sizes as seen from XRD
results or by oxygen vacancies generated from the interaction
of nitrogen and TiO, (Ref 49, 50). A comparison of the Raman
peaks agrees with the XRD result of increased peak intensities
and, thus, crystallinity as the calcination temperature is raised
(Ref 51).

Figure 4 shows the patterns of FTIR spectra of the urea-TiO,
samples for the different calcination temperatures revealing
several functional groups on the surface of each nanoparticle.
The FTIR molecular fingerprint identifies the vibration pattern
of the hydroxyl group (~OH), an intense ~ N-O stretching,
and the ~ O—H bending mode at approximately 3424, 1638,
and 1379 cm™, respectively, on the pretreated nanoparticles
around 1638 cm™. The strong N-O stretching band (1638 cm”
") was formed due to nitrogen, indicating the presence
of ~ NH, groups on the urea/TiO, NPs (Ref 52). The
vibrations created by the Ti-N bond are responsible for a
small band that appears around 1121 cm™ (Ref 53). O-Ti-O
vibrations patterns in TiO, are typically found in a broad band
between 777 and 468 cm™'(Ref 54). At higher calcination
temperatures (700 °C), the ~ OH vibration band shifted to
approximately 3438 cm™, and the band around 2068 cm™
became less pronounced. The band shift was induced by the
presence of ~ NH, (Ref 55), and the impact of higher
temperature on the nanoparticles was exposed. A change to a
higher wavenumber is usually observed at higher calcination
temperatures. The formation of hydroxyl radicals during
photocatalytic processes may benefit from the high intensity
of bands linked to the O—H group for both the stretching and
vibration modes, leading to excellent self-cleaning ability (Ref
56). Besides the above observations, the FTIR patterns did not
reveal a significant difference in temperature impact.

3.3 Optical Analysis

The optical properties of urea-doped TiO, samples were
examined under DRS and photoluminescence spectroscopy.
Figure 5(a) displays the absorbance threshold for the urea-
doped TiO, samples calcined at 300, 500, and 700 °C, and
Figure 5(b) displays the samples’ plot of (xhv)? against hv. All
the samples absorbed light with wavelengths from 750 to
395 nm, showing that absorption capability extended into the
visible-light region. This could be possible due to the nitrogen
content of the urea dopant (Ref 57). The optical bandgap was
estimated from the plot of (chv)? against hv shown in
Figure 5(b) using the relation by Tauc as shown in Equation (6)
(Ref 58)

(¢hv)?= K (hv—Eg) (Eq 6)

FEg stands for the optical energy gap, hv for the incident
energy of photons, with o resenting Beer—Lambert’s absorption
coefficient, and K for a constant independent of the energy
level.
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Fig. 3 Raman analysis of urea-TiO, calcined at 300, 500, and 700 °C
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Fig. 4 FTIR spectra of urea-TiO, calcined at 300, 500, and 700 °C

The plot revealed a reduction in optical energy gaps with
increased calcination temperature. The optical bandgap
dropped from 3.29 at 300 °C to 3.09 at 700 °C. Self-cleaning
applications benefit from the lower band gap because the

nanoparticles will rapidly get functionalized once under visible
light. This is attributed to the less energy required to transit
from the valence circle to the conduction ring. As shown in
Figure 5(a), between 800 and 400 nm, high calcination
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Fig. 5 Optical properties of urea-doped TiO,: (a) DRS absorbance spectra and (b) graph of (athv)* against incident energy (hv), for samples

calcined at 300, 500, and 700 °C

temperatures helped remove most of the natural material from
the surface of urea-TiO, nanoparticles, enhancing its absorption
capabilities.

Figure 6 shows the spectra bands of samples for the three
different calcination temperatures obtained from Photolumi-
nescence (PL) analyses. The spectra band for the model
calcined at 500 and 700 °C shows a shift to higher wave-
lengths.

The photoluminescence peaks for the sample calcined at
500 °C reflect high crystallinity, which also agrees with the
results of the XRD analysis. This can be attributed to the fact

Journal of Materials Engineering and Performance

that most organic remnants have been eliminated while the N-
dopant is still kept, and the anatase TiO, is better crystalline at
500 °C than at 300 °C. The better crystallinity of the more
anatase content, in the instance of urea-TiO,, calcined at
500 °C, is responsible for the increase in PL peak intensity. The
sample calcined at 700 °C showed a decline in PL peak
intensity, possibly due to a decrease in the crystalline anatase
content as more transformation to the rutile phase occurs (Ref
59). However, due to the reduced bandgap and the presence of
crystalline anatase phases, photoactivity for samples calcined at
700 °C remained high, as affirmed by the photodegradation
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Fig. 6 Photoluminescence spectra of urea-doped TiO, calcined at 300, 500, and 700 °C

test. In addition, they extended the absorption ability into the
visible-light region due to the presence of nitrogen. At a higher
temperature of 700 °C, most organic residues are removed,
improving absorption and photocatalytic activity, thereby
boasting self-cleaning functionality (Ref 60). At the calcination
temperature of 300 °C, most organic residues on the specimen
surface were not yet removed, impacting the photocatalytic or
self-cleaning activity of the sample (Ref 45).

3.4 Self-cleaning Study

3.4.1 Methylene Blue (MB) Degradation. Fifty mil-
ligrams of each sample were liquefied in a 100 ml volume of
10 ppm MB for a photodegradation test under UV irradiation.
The degradation efficiency was examined to observe and
compare self-cleaning activity based on the calcination tem-
perature. The urea-TiO, serves as a photocatalyst in the light-
activated process of photocatalytic degradation. When the
nanoparticles are exposed to UV radiation, electrons are
produced and undergo a chemical reaction that changes water
molecules into hydroxyl radicals. These hydroxyl radicals
break down the carbon-based filth into smaller pieces that can
be easily removed. Figure 7(a), (b) and (c) shows the reduction
in MB concentration over time for samples that were heat
treated at 300, 500, and 700 °C, respectively. Around the
wavelength of 655 nm, all concentrations were seen to exhibit
maximum peaks. Under UV exposure from 0 to 120 minutes,
all urea-TiO, samples efficiently degraded the methylene blue
dye. The nanoparticles calcined at 500 and 700 °C exhibited
faster degradation activity than at 300 °C, with the most rapid
observed sample calcined at 700 °C. Figure 7(d) compares the

percentage of MB depletion caused by various urea-TiO,
samples. The model calcined at 700 °C demonstrated the
maximum degradation efficiency of 83.33% during the 120-
minute interval of UV exposure, while the pieces calcined at
500 and 300 °C removed 68.52 and 46.29%, respectively, as
shown in Table 3.

The graph of In(C,/Cy) against time and the first-order
kinetics rate constants evaluated using the Langmuir—Hinshel-
wood expression shown in Equation (7) for the three samples is
shown in Figure 7(e).

In(C,/Co)"¥ = Kt (Eq 7)

C, denotes the MB content at any time ¢, C, denotes the
initial MB content under UV light, and K means the rate
constant. The determined values of k, as recorded in Table 3,
indicate that higher calcination temperatures resulted in faster
photodegradation rates. This results from the fact that the phase
transformation from anatase to rutile at higher calcination
temperatures increased electron—hole separation and suppressed
the charge carrier recombination. With rising temperatures,
fewer deep trap states are serving as recombination centers.
This decrease in recombination results in a rise in photocat-
alytic activity due to increased charge carrier lifetime (Ref 61).
Also, through the process of calcination, most of the natural
material on the surfaces of the urea-TiO, nanoparticles was
removed, improving their light absorption. Furthermore,
improved crystal structure provided more significant surface
areas enabling more excellent absorption per particle, enhanc-
ing photocatalysis, and making them suitable for self-cleaning.
In contrast, at lower calcination temperatures, including
nitrogen causes the creation of electron holes, which accelerates
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Fig. 7 Self-cleaning analysis; loss of MB content under UV light for (a) 300 °C, (b) 500 °C, and (c) 700 °C, (d) percentage degradation
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Table 3 Summary of calcination temperature effect on the self-cleaning property of urea-TiO,

Cal. temp Co—Ci20 Percentage degradation Rate constant k, min™! Adj. R?
T300 0.4630 46.30 % —0.00485 0.96236
T500 0.6852 68.52 % —0.00961 0.99326
T700 0.8333 83.33 % —0.01523 0.98773
-Ti o Urea-TiO 500 -C Urea-TiO 700 -C
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Fig. 8 Photocatalytic degradation of RhB under UV irradiation by samples of urea-TiO,. Depletion of RhB under UV light for (a) 300 °C, (b)
500 °C, and (c) 700 °C, (d) percentage degradation against time for samples annealed at 300, 500, and 700 °C, (e) In(C,/Cy) against the time of
degradation and determination of rate constant Adjusted R? (model accuracy) for the different calcined samples

carrier recombination and inhibits photocatalytic activity (Ref
62). Though the rate of photocatalytic degradation was
enhanced with an increase in calcination temperature, accord-
ing to the results displayed in Table 3, the highest rate was
obtained at 500 °C from this study. The results also tally with
those obtained by other authors (Ref 63, 64).

3.4.2 Rhodamine-B (RhB) degradation. Further tests
were conducted to confirm the photocatalytic and self-cleaning
functionality of the various calcined urea-TiO, samples by
letting the pieces degrade 10 ppm of RhB dye in an aqueous
solution. RhB, with the chemical formula (C,3H3;CIN,03), is
one essential component of the xanthene dyes, which is
reportedly a stronger organic pollutant than MB (Ref 65, 66).

Fifty milligrams of each sample was equally dissolved in
100 ml of 10 ppm aqueous solution of RhB and kept stirring
under UV light throughout the experiment. Initially, the
samples were agitated in the dark for 30 minutes for proper
adsorption and desorption before the UV lamp was switched
on. Ten milliliters of samples was taken out every 30 minutes
and was analyzed for RhB concentration reduction using a
Shimadzu UV-1900 UV-Vis spectrophotometer. Plots of
reduction in RhB concentration, percentage degradation against
time, and In(C,/Cy) against the time for the different calcined
samples are shown in Figure 8. All the pieces degraded the RhB
dye. Equation 7 was used to determine each sample’s first-order
rate constant, as shown in Figure 8(e). It is observed that the
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Fig. 9 Percentage of RhB removed by the various samples during the dark and under UV irradiation

model calcined at 700 °C still had the fastest degradation rate
(k= 0.00615) than to those at 300 and 500 °C (k = 0.00354
and & = 0.00486), respectively.

The total concentrations of the RhB dye removed by the
various samples are shown in Figure 9 for both the first 30
minutes in the dark and the 120 minutes under UV irradiation.
The pieces calcined at 700 °C removed above 56% of the RhB
dye, which was the highest compared to 35.92 and 46.48 % for
urea-TiO, calcined at 300 and 500 °C, respectively. After
calcination at higher temperatures, the phase structural trans-
formation from anatase to rutile exhibited better photocatalytic
performance for RhB since electrons were transferred from
anatase to rutile, providing wide electron—hole separation and
suppressing the charge carrier recombination (Ref 67). Addi-
tionally, when TiO, is doped with urea, the presence of nitrogen
extends its absorption capability into the visible spectrum,
improving photocatalytic performance and enhancing self-
cleaning functionality (Ref 68). The urea-TiO, material has
potential applications in catalysis, sensing devices, self-clean-
ing, and solar cells.

The photodegradation or self-cleaning findings are for MB
and RhB concentrations of 10 ppm and 5 weight percent urea
dopant in TiO, catalyst. The self-cleaning test proved that
calcination temperature has an impact on the functionality of
urea-doped TiO, in photocatalytic applications. The material
degraded both MB and RhB dyes, though the observation is
that a longer time is needed to lessen RhB than MB completely.
Bakre et al. observed a similar effect in their study (Ref 34). Up
to 83% of MB dye was degraded within 120 minutes of
reaction time, while only 56.74 % of RhB was degraded within
the same interval.

4. Conclusion

An in situ heat-assisted sol-gel method was used to
synthesize urea-TiO, nanoparticles, and the effect of calcination
temperature on its self-cleaning functionality was examined.
The structural analysis demonstrates unequivocally how calci-
nation temperature and nitrogen presence modify TiO;’s crystal
structure and crystalline size, thereby influencing its self-
cleaning ability. The optical analysis revealed that the optical
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bandgap reduced from 3.29 eV at 300 °C to 3.09 eV at 700 °C.
The photoluminescence peaks for the sample calcined at
500 °C reflected high crystallinity of the anatase phase, which
also agreed with the results of the XRD peaks. This resulted
from the fact that most organic remnants have been eliminated,
while the N-dopant is still kept and that the anatase phase is
better crystalline at 500 °C than at 300 °C. The absorption
ability was extended into the visible-light region, facilitated by
the presence of nitrogen in the Urea dopant. The sample
calcined at 700 °C had the highest photodegradation rate
constant from the self-cleaning test. This was possibly so
because of the drop in bandgap and the fact that at a higher
calcination temperature of 700 °C, most organic residues are
removed from the specimen surface, improving absorption and
boasting photocatalytic or self-cleaning functionality. Also, the
phase structure transformation from anatase to rutile after
calcination at higher temperatures allowed for wide electron—
hole separation and inhibited charge carrier recombination. This
decrease in recombination results in a rise in photocatalytic
activity due to increased charge carrier lifetime. Therefore,
improved calcination temperature positively affected the self-
cleaning ability of the synthesized urea-TiO,. The urea-TiO,
material has potential applications in catalysis, solar panel
surfaces, sensing devices, self-cleaning tiles, concrete, car
paints self-cleaning, and solar cells.
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