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Abstract

Hierarchical photocatalysts have attracted notable concern due to their excellent fea-
tures such as lower density, higher specific surface area, higher light-harvesting effi-
ciency, and good surface permeability. Generally, such particular properties are
achieved via the use of templates, preferentially focusing on natural biological materials.
In this respect, rice husk (RH), an environmental waste containing elements C, N, S, and
Si was used as a biotemplate to prepare TiO, hierarchical microstructure photocatalyst
(TiO>-HMP) along with TiO, nanoparticle photocatalyst (TiO,-NP) by a facile sol-gel
method. RH and the prepared TiO, photocatalysts were characterized by using Fourier
transform infrared (FTIR), X-ray powder diffraction (XRD), environmental scanning elec-
tron microscope-energy dispersive X-ray analysis (ESEM-EDAX), X-ray photoelectron
spectroscopy (XPS), UV-visible diffuse reflectance spectroscopy (UV-DRS), photolumi-
nescence (PL), and Brunauer-Emmett-Teller (BET) methods. The combination of RH
and TiO, via biotemplate strategy not only altered the band gap (Epg = 2.74 eV) also
slightly increased the surface area (~10%). The photocatalytic activities of TiO,-NP and
TiO,-HMP specimens were determined by degradation of 4-nitrophenol (4-NPh) under
UV-A light irradiation. TiO,-HMP exhibited enhanced photocatalytic activity (210%)
compared to TiO,-NP most probably due to RH originated in-situ self-codoping by the
presence of multidopant ions (C, N, S, and Si ions) as verified by EDAX elemental weight
distribution profiles. These results demonstrated a beneficial use of an environmental

waste in photocatalytic applications.
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specified substrates.>*® TiO, is a well-known photocatalyst due to its

high photostability, water insolubility, and inexpensiveness. TiO, has

For decades, many researchers have focused on the application of
photocatalysis for degradation of pollutants from water.X™” In princi-
ple, upon irradiation electron/hole pairs (e /h™) are generated and
these surface charge carriers further react through subsequent path-
ways to form reactive oxygen species mainly hydroxyl radicals (HO®),

which are responsible for the photocatalytic degradation of the

limited activity under visible light irradiation owing to its broadband
gap energy (Epg). Doping with various anions and/or metal ions is the
most common approach to reduce the Epg of TiO, leading to success-
ful utilization of solar energy.®?~?

Morphological and structural factors intensely affect the photoca-

talytic activity of TiO,, therefore the preparation of different shaped
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TiO, nanostructures like nanowires, nanotubes, or nanorods has
gained more importance. Thus, prepared TiO, specimens exhibit supe-
rior dispersibility, enhanced porosity, and extended specific surface
areas as compared to TiO, nanoparticles.?°-2? Besides simply as
nanoparticles, various TiO, hierarchical photocatalysts have also been
constructed in the shape-tailored forms, for example, as nanorods, or
nanosheets, to improve photocatalytic activity.?>?* These hierarchical
photocatalysts have attracted much interest due to their excellent
features such as higher surface to volume ratio, higher light-harvesting
efficiency, ease of removal, high specific surface area, and good sur-
face permeability.>>2>2¢ Templates are commonly used in the synthe-
sis and development of these extraordinary morphologies.?”~3* Hard-
templating method is the most popular one to synthesize inorganic
hierarchical photocatalysts.>*3? However, the main disadvantage of
this method is the removal of the template by chemical etching or calci-
nation processes at elevated temperatures. It is also difficult to achieve
a complete removal related to the rupture of the shell.3%4° Using soft
templates such as gas bubbles, microemulsions (e.g., micelles and vesi-
cles), surfactants (e.g., sodium dodecyl sulfate), and droplets is an alter-
native way to synthesize hierarchical structures.>4®4! The removal of
soft templates is much easier resulting in a broad range of particle size
distribution, irregularities in shape following which shrinkage and defor-
mation occurs via thermal treatment.*? Biotemplates have been pre-
ferred to prepare hierarchical TiO, photocatalysts.**=>° Considerable
studies have also been conducted utilizing Gram-positive bacterium
(Staphylococcus aureus),*® pollen, albumin, yeast,*®*’ corn starch,’®

5354 and eggshell

tobacco mosaic virus,”* green—leaf,52 butterfly wings,
membranes’ as biotemplates.

Rice husk (RH) is a by-product of rice production during milling
and considered as an agricultural waste that causes a significant dis-
posal problem. Either burning or dumping of RH in open fields can
cause serious environmental pollution and health problems.>® RH con-
stitutes about 20% of the weight of rice and is mainly composed of
cellulose (50%), lignin (25%-30%), silica (15%-20%), and moisture
(10%-15%) along with K, Mg, Al, Fe, and so forth. components. Both
RH and RHA as an incineration product of RH, could well be utilized
as valuable products for various environmental applications, for exam-
ple, as adsorbents or construction materials. Investigations performed
to evaluate agricultural residues such as RH and RHA and to prepare
respective TiO, photocatalysts are highly notable and important for
waste minimization and/or reuse purposes. So far, RH has been used
as a silica and/or carbon source to prepare biological hierarchical
porous TiO, photocatalysts.®” %7

The major aim of this study was to use RH as a biotemplate in the
synthesis of TiO, hierarchical microstructure photocatalyst (TiO,-
HMP), thereby obtaining a specific route to reduce environmental pol-
lution challenges by utilizing this agricultural waste. More significantly,
due to the presence of non-metallic elements (e.g., C, N, S, Si) in RH,
TiO,-HMP was expected to be self-doped during calcination, leading
to enhancement of light absorption. For this purpose, TiO,-HMP and
TiO, nanoparticle photocatalyst (TiO,-NP) specimens were synthe-
sized via a modified sol-gel method. Following physico-chemical and

morphological characterization, the photocatalysts were subsequently

subjected to activity assessment. 4-NPh displaying toxic, anthropo-
genic, inhibitory, and refractory properties was selected as a represen-
tative model compound of substituted aromatics, which could be

present in a range of industrial effluents.

2 | MATERIALS AND METHODS

21 | Materials

Raw RH was obtained from Kastamonu region of North Anatolia-
Turkiye. Prior to use, RH was ground and sieved (mesh size = 32 um),
washed with distilled water, and dried at 105°C for 24 h. RH exhibited
Brunauer-Emmett-Teller (BET) surface area, pore size, and pore vol-
ume as 24.2 m?/g, 1.2 nm (microporous), and 0.026 cm®/g, respec-
tively (SM, Part 1, FIGURE SM1). Titanium(IV) isopropoxide (TIP) was
purchased from Aldrich. Absolute ethanol, glacial acetic acid, and
4-NPh  were
(conductivity = 2 uS/cm at 25°C) was used.

obtained  from Merck. Distilled water

2.2 | Synthesis of TiO, photocatalysts

The TiO2-NP was synthesized using TIP/absolute ethanol/glacial acetic
acid sol according to the previously described method.” For assessment
of anatase/rutile phase transition, TiO,-NP specimens were calcined at
350, 500, and 600°C for 5 h. TiO,-HMP was prepared using a modified
sol-gel method. Briefly, 2 g of RH was suspended in distilled water for
2 h, prior to addition into TiO, sol that was further stirred overnight at
room temperature (25 + 2°C) and subsequently, kept in dark for 48 h for
aging. TiO,-HMP was washed with distilled water several times till neu-
tral pH was achieved. Finally, TiO,-HMP white precipitate was dried at
105°C for 24 h and calcined at 500°C for 5 h.

2.3 | Characterization techniques

The properties of TiO,-NP and TiO,-HMP specimens were assessed
according to the well described characterization methodologies. Since
RH was used as a biotemplate, the structural, morphological, and crys-
tal properties of thus formed RHA at 500°C (RHA-500) were also
investigated. For comparison purposes, the effects of different calci-
nation temperatures, that is, 350°C (RHA-350) and 600°C (RHA-600)
for 5 h were also considered. Fourier transform infrared (FTIR) spectra
were performed by using a Perkin EImer Spectrum One spectrometer
with an attenuated total reflectance attachment. All FTIR spectra
were recorded in the wavenumber range of 4000-200 cm~! and a
total of 32 scans were taken with a resolution of 2 cm™! at 25°C. The
X-ray powder diffraction (XRD) patterns were recorded on a Rigaku-
D/MAX-Ultima diffraction spectroscope using Cu Ka radiation
(A = 1.5418 A) with an accelerating voltage and emission current as
40 kV and 40 mA, respectively. Environmental Scanning Electron

Microscope with Field Emission Gun Equipped with Energy Dispersive
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X-ray Analysis Unit (ESEM-FEG/EDAX PhilipsXL-30) instrument was
used for the examination of the morphologies. X-ray photoelectron
spectroscopy (XPS) measurements were acquired by using a Thermo
Scientific K-Alpha X-ray Photoelectron Spectrometer equipped with a
hemispherical electron analyzer and an Al-Ka micro-focused mono-
chromator. A Perkin Elmer Lambda 35 spectrometer was used to
obtain the UV-visible diffuse reflectance spectra (UV-DRS). The
photoluminescence (PL) spectra were recorded on an Edinburgh
Instruments FS5 spectrofluorometer with an excitation wavelength at
A = 325 nm. Thermogravimetry (TG) and differential thermal analyses
(DTA) were performed on an EXSTAR TG/DTA 6300 Thermal Ana-
lyzer with a heating rate of 10 K/min under nitrogen atmosphere.
Nitrogen adsorption/desorption data were recorded by a Quanto-
chrome Nova 2200e Analyzer. Specific surface area and pore sizes
were obtained by multi-point BET and BJH methods, respectively.
Zeta potential measurements were taken using a Malvern Zetasizer

Nano ZS instrument.

2.4 | Photocatalytic activity assessment

A double-jacket Pyrex photoreactor connected with a water bath (25
+2°C) equipped with 5 x 8W blacklight fluorescent lamps
(Amax = 365 nm) was utilized. The total photonic fluence was determined
as 3.1 x 1077 Einstein/s by using a potassium ferrioxalate actinometer.%®
Either TiO,-NP or TiO,-HMP specimens were suspended in 600 ml of
4-NPh solution (1.0 x 10~ mol/L) in an ultrasonic bath for 30 min in
dark to provide complete dispersion. During irradiation, the suspension
was stirred by a mechanical stirrer. Time dependent sampling (10 ml) was
performed, and immediate membrane filtration (0.45 um, Millipore HA)
was applied to separate photocatalyst particles from reaction medium to
avoid post adsorption via sedimentation. Photocatalytic degradation of
4-NPh was monitored by absorbance recordings at Ajax = 318 nm using
an Agilent 8453 UV-Visible spectrophotometer. The molar extinction
coefficient of 4-NPh was determined as e = 9249 L/mol cm.

3 | RESULTS AND DISCUSSION

3.1 | Structural and morphological properties of
RH and RHA

3.1.1 | FTIR analysis of RH and RHA

The FTIR provided information related to the functional groups of
both organic and inorganic parts of RH. Organic part of RH was typi-
cally composed of lignocellulosic material, while the inorganic part
was mostly silica originating from the outer epidermal cells. The rest
of the inorganic part included elements such as Mg, Al, and Fe.®’ Due
to the applied different calcination temperatures, possible alterations
on the surface functional groups of RHA were also monitored. The

FTIR spectrum of RH (Figure 1) expressed a wide band in the range of
3600-3000 cm™ with a maximum at 3326 cm™! related to the
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FIGURE 1 Fourier transform infrared (FTIR) spectra of rice husk
(RH) and RHA-350, RHA-500 and RHA-600.

stretching vibration of intermolecular hydrogen bonded —OH groups
in lignocellulosic structures and the stretching vibrations of —OH
bonds in adsorbed water.””* The low intensity bands at 2920 and
2852 cm~? could be attributed to the C—H stretching bonds of the
—CHg; and —CH, groups, respectively.”? The weak band at 1730 cm™?
was assigned to C=0 stretching modes of aldehyde groups of hemi-

1

cellulose.®® The medium band at 1634 cm™! corresponded to the

bending vibration of water trapped in the silica matrix or C=C stretch-

1 was related to

ing vibration.®® The absorption band at 1424 cm™
CH,, scissoring motion in cellulose or asymmetric bending in CH3 in
lignin, while the band at 1544 cm~! was ascribed to aromatic skeleton
C—C stretching in lignin.”® The weak band at 1374 cm™? represented
the aromatic C—H bending vibration in cellulose and hemicellulose or
carboxyl carbonate.”®”# The region of the spectrum 1148-960 cm™?!
consisted of the superposition of vibrations of the C—OH and Si—O
bonds in the siloxane groups located at 1032 cm™? in RH. The two
bands at 797 and 455 cm™! were related to symmetric vibrations of
the Si—O bonds in the silicon oxygen tetrahedrons (SiO4) and
Si—O—Si bending vibrations, respectively.>%7576

The FTIR spectra of RHA specimens displayed that the O—H stretch-
ing and HO—H band at ~3326 cm™! was almost negligible in RHA-500
and was completely removed in RHA-600 (Figure 1). This result indicated
the expected decrease of surface hydroxyl groups as the calcination tem-
perature increased.”” The stretching bands at 2852 em~?! (C—H) and
1544 cm~! (C—C) disappeared in RHA-350, while the intensities of the
bands at 2920 cm~* (C—H) and 1424 cm™! (CH, and CHs vibrations)
decreased as related to the decomposition of organic parts. The intensities
of absorption bands observed at 1730 cm™1 (C=0 stretching), 1634 cm™?!
(C=C or bending water vibrations), and 1374 cm~* (aromatic C—H bend-
ing or carboxyl carbonate) in the RH spectrum increased in RHA-350 due
to the partial decomposition of cellulose.”® The band related to the func-
tional group of C=0 gradually increased with increasing calcination tem-

perature and shifted to a higher wavenumber. However, the intensity of
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FIGURE 2 Thermogravimetry (TG) and differential thermal
analyses (DTA) curves of rice husk (RH).

the band at 1611 cm~ in RHA-350 decreased as the calcination tempera-
ture increased to 500 and 600°C. The band at 1419 cm™? was increased
in RHA-350 spectrum, then decreased upon calcination at higher tempera-
tures. An opposite trend was observed for the band at 1376 cm™*. Heat-
ing RH at 500°C have resulted in thermal decomposition of both cellulose
and lignin.”® Upon calcination, intensity enhancement of the characteristic
silica bands at 1032, 797, and 455 cm™* were noticed most probably due
to the generation of new siloxane groups as a result of the thermal

decomposition of the organic parts.””

312 |
of RH

Thermal properties and TG/DTA analysis

In order to clarify the observed alterations in the FTIR spectra of RH,
thermal analysis was performed. TG and DTA curves revealed three
distinct stages of weight loss (Figure 2). The first stage with 6% weight
loss and an endothermic peak at around 100°C was attributed to the
dehydration of adsorbed water. It was followed by a drastic weight
loss of around 50% with a broad exothermic peak in the temperature
range of 240-360°C centered at 307°C. This stage could be ascribed
to the thermal decomposition of cellulose and hemicellulose with the
weight loss due to the oxidation of carbon forming volatile compo-
nents, tar, and char. The third stage, with a weight loss of 20% related
to an exothermic peak in the temperature range of 360-450°C cen-
tered at 412°C indicated the thermal decomposition of lignin.”€° The
total weight loss (>80%) was in good agreement with the literature
findings that RH contains nearly 20% silica and a high amount of car-
bon®! as supported by the FTIR spectral features indicating that lignin
was thermally more stable than cellulose and hemicellulose.

3.1.3 | XRD analysis of RH and RHA

The XRD spectroscopic profiles were presented in Figure 3. The dif-
fractogram of the RH showed a wide peak in 19°-30° centered at

600°C

1

Intensity, a.u.

A Attt

H

10 20 30 40 50 60 70
29, Degree

FIGURE 3 X-ray powder diffraction (XRD) diffractograms of rice
husk (RH) and RHA-350, RHA-500 and RHA-600.

around 22°, which was ascribed to the characteristics of amorphous
silica. The peak at 17° was attributed to the remnant carbon matrix.>’
As the temperature increased to 350°C, and higher temperatures, the
amorphous SiO, peak shifted to a lower angle and broadened, while
the peak at 17° disappeared. These changes could be explained to an
increment in the structural order of the amorphous SiO, toward the
cristobalite phase thus causing the densification of the structure.®?
This result was consistent with the FTIR results indicating the pres-

ence of silica in both the RH and RHA structures.

3.14 |
and RHA

Morphology and ESEM analysis of RH

The ESEM micrographs were presented in Figures 4 and 5. The outer
surface of RH resembled a corncob like and a lamellar structure con-
sisting of thin tubes (Figure 4). The micrograph RHA-350 expressed
the main skeleton with some minor morphological deformations. A
general breakdown of the RH skeleton into smaller and more
irregular-shaped fragments occurred as the calcination temperature
reached up to 500°C. The morphology of RHA-500 was quite similar
to that of RHA-600.8% The inner surface of the RH and RHA samples
were illustrated in Figure 5. ESEM micrograph of RH was composed
of a fibrous structure with thin hairs. As the temperature was
increased, the fibers became thinner and an increase in void volume
expressing a spongy structure could be visualized. These changes on

the surface resulted in the formation of bumps and micro pores due
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FIGURE 4 Outer surface
environmental scanning electron
microscope (ESEM) images of rice husk
(RH) and RHA-350, RHA-500 and
RHA-600.

RHA-500

FIGURE 5 Inner surface
environmental scanning electron
microscope (ESEM) images of rice husk
(RH) and RHA-350, RHA-500 and
RHA-600.
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to thermal decomposition.®* EDAX elemental weight distribution of
RH and RHA samples were presented in SM, Part 2, FIGURE SM2.
The chemical composition of RH was mainly Si and O atoms along
with minor amounts of C, N, S, Ca, and Mg. This information was also
verified by XPS spectrum of RH and related information was pre-
sented in SM, Part 3, FIGURE SM3.

3.2 | Structural, morphological, and optical
properties of TiO,-NP and TiO,-HMP specimens

Characterization of photocatalysts was performed according to the

well described techniques presented in the methodology section.®”

3.2.1 | Crystallinity and XRD analysis of TiO,-NP
and TiO,-HMP

Figure 6 displayed the XRD diffractograms of the TiO,-NP speci-
mens in the range of 2°-70° based on MDI-JADEG6 library. The

RHA-600

TiO,-NP specimens calcined at 350, 500, and 600°C for 5 h repre-
sented the effect of calcination temperature on crystallite phases.
The diffractogram of TiO, calcined at 350°C contained only ana-
tase peaks, indicating the sole presence of anatase phase. The
emergence of rutile phase along with anatase phase was evidenced
upon calcination at 500 and 600°C. The fractional phase content of
TiO, specimens could be calculated by using the below given Equa-
tions (1) and (2) where A and R denoted anatase and rutile,
respectively.

A=Kala/(Kala+Kglr) (1)

R=Kglr/(Kala+Kglr) 2)

Where, 5 (0 1 1) and I (1 1 0) were the integrated intensities of
the main peaks ascribed to anatase and rutile, respectively and
Ka = 0.886 and Kg = 1.2487 Upon use of the Equations (1) and (2),
TiO,-NP calcined at 500°C was found to be composed of 87% ana-
tase and 13% rutile phases signifying a close similarity to commercial

TiO, P25.88 Further increase in calcination temperature to 600°C
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FIGURE 6 Calcination temperature effect on the X-ray powder
diffraction (XRD) diffractograms of TiO, nanoparticle photocatalyst
(TiO,-NP) specimens (e anatase, 4 rutile).

promoted transition from anatase phase to rutile phase composition
resulting in almost equal proportions.

The effect of the calcination period on the TiO,-NP crystallinity
was also elucidated via XRD diffractograms (SM, Part 4, FIGURE
SM4). The calcination temperature was kept constant at 500°C as the
calcination period varied from 1 to 5 h. After one-hour of calcination,
only anatase diffraction peak (1 0 1) was observed. Upon incremental
increase in calcination period from 3 to 5 h, a transition from anatase
to rutile phase was expected as evidenced by emergence of rutile
peaks located at (1 1 0).

The XRD diffractograms of TiO,-NP and TiO,-HMP specimens cal-
cined at 500°C for 5 h were comparatively presented in Figure 7. Dif-
fractogram of TiO,-NP displayed an intense peak at 25.53° related to
the characteristic anatase (1 O 1) phase, whereas the characteristic rutile
(1 1 0) peak was observed at 25.70°. The peaks at 37.92°, 48.25°,
54.21°, 55.29°, 62.89°, and 69.26° corresponded to (00 4),(200), (10
5),(211),(118),and (1 1 6) planes of anatase and the ones at 36.27°
and 41.29° corresponded to (1 0 1) and (1 1 1) planes of rutile, respec-
tively. Diffractogram of TiO,-HMP displayed anatase diffraction peaks
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FIGURE 7 X-ray powder diffraction (XRD) diffractograms of TiO,
nanoparticle photocatalyst (TiO,-NP) and TiO, hierarchical
microstructure photocatalyst (TiO,-HMP) specimens calcined at
500°C for 5 h (e anatase, # rutile).

shifted to lower angles as 25.47°, 37.81°, 48.14°, 53.98°, 55.15°,
62.78°, and 69.08°, respectively. These slight shifts to lower angles
could be attributed to the presence of RH originated ions, that is, C,
N, S, and Si. The characteristic diffraction peak of amorphous SiO,
(~22°) was hardly observed, which indicated that the related minor RH
peak was hindered by the highly intense signals of the crystalline TiO,
diffraction peaks. The absence of a diffraction peak at ~31° revealed
that the two specimens were devoid of brookite structure. Based on the
(1 0 1) anatase diffraction planes, crystallite size (D) could be calculated

by using the Scherrer equation (Equation 3);

D= (K2)/(Bcos) 3)

K = 0.9, A = 1.5418 A for Cu Ka, 8 = Bragg angle and p = full
width at half maximum intensity (FWHM, radians).®? The crystallite
sizes were calculated as 33.1, and 16.6 nm for TiO,-NP and TiO,-
HMP, respectively. This finding indicated that the use of RH biotem-

plate caused a decrease in the crystallite size of TiO,-NP in
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accordance with the broadening of the diffraction peaks. The lattice

parameters were calculated and presented in SM, Part 4.

3.2.2 | FTIR analysis of TiO,-NP and TiO,-HMP

The FTIR spectra of TiO,-NP and TiO,-HMP specimens were presented
in Figure 8. The low bands at 1633 and 1642 cm™* were assigned to the
bending mode of adsorbed water molecules for TiO,-NP and TiO,-HMP

Tio-HMP

1633

Absorbance

Tio,-NP

T T T 7 I v T M T v T T
4000 3600 3200 2800 2400 2000 1600 1200 1000 800 600 400
Wavenumber, cm™

FIGURE 8 Fourier transform infrared (FTIR) spectra of TiO,
nanoparticle photocatalyst (TiO,-NP) and TiO, hierarchical
microstructure photocatalyst (TiO»-HMP) specimens.

FIGURE 9 Environmental scanning
electron microscope-energy dispersive X-
ray analysis (ESEM-EDAX) micrographs of
(a) TiO4 nanoparticle photocatalyst (TiO5-
NP) (b) TiO, hierarchical microstructure

& SUSTAINABLE ENERGY

specimens, respectively. In the spectral region below 972 cm™? various
characteristic bands related to Ti—O stretching and O—Ti—O bending
vibrations were noticed.”® The spectrum of TiO,-HMP exhibited three
more peaks at 1085, 811, and 456 cm™* most probably originating from
the RH biotemplate. The band at 1085 cm™~* was assigned to the C—OH
and Si—O bonds in the siloxane groups. The bands located at 811 and
456 cm~* corresponded to the symmetric vibrations of Si—O bonds and
bending vibrations of Si—O—Si, respectively®””>7¢ indicating that the

TiO, coating process over RH was successfully achieved.

3.2.3 | Morphology and ESEM with EDAX analysis
TiO5-NP and TiO,-HMP

The ESEM micrograph of TiO,-NP expressed the presence of various
polyhedral shaped particles with slight agglomerations (Figure 9a). The
EDAX spectrum appointed Ti and O as the principal components as
expected. The TiO,-HMP particles were larger, elongated with sharp
edges, and expressed rough surfaces compared to TiO,-NP (Figure 9b).
The observed cracks were most probably due to the removal of RH and
breaking down of the organic species retaining the original hierarchical
RH structure.®® ESEM micrographs with different magnifications and
EDAX elemental weight distribution profiles of TiO,-NP and TiO,-HMP
specimens were presented in SM, Part 5, FIGURE SM5-SMé.

3.24 | XPS analysis of TiO»-NP and TiO,-HMP

The XPS spectra exhibited two main regions related to Ti 2p at
~460 eV and O 1s at ~530 eV for both specimens, while four regions

(b)

photocatalyst (TiO,-HMP) specimens.
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FIGURE 10 Ti2pand O 1s core levels of TiO, nanoparticle
photocatalyst (TiO,-NP) and TiO, hierarchical microstructure
photocatalyst (TiO,-HMP) specimens.

belonged to N 1s at ~400 eV, C 1s at ~283 eV, S 2p at ~155 eV and
Si 2p at ~103 eV for TiO,-HMP specimens (Figures 10 and 11). The
presence of Ti, O, Si, C, S, and N elements in the TiO,-HMP spectrum
confirmed the presence of both TiO, and RH components. Other ele-
ments such as Ca, K, and Mg were not detected as demonstrated by
ESEM-EDAX distribution in RH (SM, Part 2, FIGURE SM2). High reso-
lution XPS spectrum of TiO,-NP consisted of two binding energy
peaks at 458.1 and 463.9 eV corresponding to the Ti 2p4/» and Ti
2ps/2 lines, respectively (Figure 10). This result confirmed that the oxi-
dation state of Ti was IV.°%2 Ti 2p binding energies of TiO,-HMP
(at 458.2 and 464.0 eV) shifted slightly to higher binding energies with
regard to TiO,-NP indicating the presence and coordination of C,
N, S, and Si ions originating from RH. Xu and Zeng reported that the
electronegativity difference between Si (1.8) and Ti (1.5) could cause a
higher binding energy. This shift could indicate an interaction between
TiO, and SiO, resulting in a Ti—O—Si bond formation.”® The higher
electronegativity of S (2.5) could lead to a decrease in the electron
density around Ti resulting in an increase in the binding energy.”*

Conversely, the electronegativity of N and C was lower than that

of O, which could also cause increased electron density on Ti.”>?¢

The existence of different electronegative ions could influence the
electron density on Ti and could hardly change the binding energy of
Ti 2p. The O 1s spectrum of TiO,-NP revealed a major peak at
529.3 eV corresponding to the crystal lattice oxygen (O,7) and a small
peak located at 530.7 eV was attributed to the surface hydroxyl
groups species.?! For the O 1s core level spectrum of TiO,-HMP, the
main peak at 529.4 eV was practically similar to TiO,-NP, which was
assigned to the crystal lattice oxygen (O,7). The second peak at
532.7 eV was related to the Si—O bond in SiO, structure derived after
the calcination of the biotemplate.?*?

Introduction of C, N, S, and Si into the structure resulting from
the calcination of RH was also detected in XPS spectrum of TiO,-
HMP specimen (Figure 11) and this finding was compatible with the
EDAX (Figure 9b). C 1s core level spectrum was consisted of two
peaks that were mostly found in lignocellulosic materials, that is, cellu-
lose and biomass wastes. The first peak at 284.4 eV was assigned to
C sp? graphitic carbon, while the other peak at 286.4 eV was related
to C—0O, C—H bonds in phenolic, alkoxy, and ether groups, respec-
tively.>? N 1s peaks were located at 400.6 and 403.5 eV related to
Ti—N—O, surface-adsorbed nitrogen species, respectively.”” The peak
at 154.8 eV in the S 2p spectrum in Figure 11 corresponded to S
2pa» electrons of 5.78 Si 2p peak observed at 103.7 eV was ascribed
to Si 2py/o electrons.”® The major effect of calcination could be
emphasized as in-situ generated N—S self-codoping of TiO,.

3.2.5 | Optical absorbance and UV-DRS analysis of
TiO,-NP and TiO,-HMP

The resulting effect of biotemplate use on the optical performance of
TiO,-NP as TiO,-HMP specimens were articulated by UV-DRS spec-
troscopy (Figure 12). TiO,-NP spectrum displayed a distinct absorp-
tion edge at ~325 nm rising up to ~410 nm, while TiO,-HMP had a
high absorption band starting from ~330 nm extending up to
~450 nm. Doping of TiO, with nonmetal/halogen elements such as C,
N, S, F, and Cl could induce a bathochromic shift in absorption of
Ti0,.2%° The reason of this chromic phenomenon could be attributed
to the presence of biotemplate originated self-doped anions, for
example, N in the TiO, structure®” as verified by XPS analysis
(Figure 11).

The UV-DRS spectra were transformed to Kubelka-Munk
function,°? following which Tauc plot ([F(R). hv]" vs. hv (hv = photon
energy, eV and n = 1/2)) was used for the determination of the indi-
rect band gap values of all samples'©? (Figure 12).

Kubelka-Munk is expressed reflectance, R deduced from the UV-
DRS spectra (Equation 1)

FR) =" @)

The band gap energies of all the photocatalysts were calculated

by assuming that they were indirect semiconductors.’®? The E, and
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FIGURE 11 C1s,N 2s,S 2p, and Si 2p core levels C1s N 2
of TiO, hierarchical microstructure photocatalyst (TiO,- S
HMP) specimen. S 5
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FIGURE 12 UV-uvisible diffuse reflectance spectra (UV-DRS)
spectra and estimated band gaps (inserted) of TiO, nanoparticle
photocatalyst (TiO,-NP) and TiO, hierarchical microstructure
photocatalyst (TiO,-HMP) specimens.

the corresponding wavelengths were 3.04 eV (A = 408 mm) and
2.74 eV (A = 452 nm) for TiO,-NP and TiO,-HMP, respectively indi-
cating that the modification of TiO, with RH resulted in a reduction in

Eyg revealing a red shift.

326 |
TiO,-HMP

Photoluminescence analysis of TiO,-NP and

The PL technique has been widely used to examine the recombination
of electrons and holes in semiconductors due to the dependency on
peak intensity.8>193104 p| spectral features of TiO,-HMP expressed

Binding Energy, eV

Binding Energy, eV

TiO,-NP~
“\ 390
s
<
>
®
c
3
£
= 1
& [TiorHMP
304 556
T T T —T T T
360 400 440 480 520 560 600
Wavelength, nm
FIGURE 13 Photoluminescence (PL) spectra of TiO, nanoparticle

photocatalyst (TiO,-NP) and TiO, hierarchical microstructure
photocatalyst (TiO,-HMP) specimens.

close resemblance to TiO,-NP spectrum (Figure 13). A sharp UV emis-
sion peak at A = 390 nm in TiO,-NP PL spectrum could be assigned
to the radiative annihilation of excitations of TiO, or corresponded
to the recombination of free excitons.'°>1%¢ The weak peak at
A = 434 nm could be attributed to the self-trapped excitons,
whereas the blue-green emission at A = 471 nm and the green emis-
sion at A = 555 nm were related to the electrons bound or trapped
in oxygen vacancy centers.’®” A red shift was noticed on the emis-
sion peaks of TiO,-HMP due to the self-assembled multidoped
structure of the photocatalyst. The PL intensity profiles of TiO,-
HMP were altered compared to that of TiO,-NP suggesting the
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FIGURE 14 Nitrogen adsorption isotherms of TiO, nanoparticle
photocatalyst (TiO,-NP) and TiO, hierarchical microstructure
photocatalyst (TiO,-HMP) specimens and pore size distribution curve
of TiO,-HMP (inserted).

suppression of electron-hole recombination by the presence of
SiO, or multidopant ions (C, N, and S ions). This suppression due to
the incorporation of SiO, could enhance the photocatalytic activ-
ity103

available surface Ti active sites.’* Besides, the surface defects such

whereas a retardation effect was also reported due the low

as O vacancies and doping impurities could act as trap states gener-
ating intermediate energy levels within the band gap and resulting
in a lower energy emission.’® In addition, the earlier PL studies
on C, N, and S tri-doped TiO, revealed a lowered PL intensity com-
pared to TiO, indicating the suppression of photo-generated
electron-hole recombination.’°®°? Based on the PL results, an
exhibition of a higher photocatalytic activity performance was pre-
dicted for the TiO,-HMP specimen.

3.2.7 | BET analysis

The BET surface area of TiO,-NP and TiO,-HMP specimens was
determined by nitrogen adsorption isotherms (Figure 14). The adsorp-
tion curves of both TiO,-NP and TiO,-HMP expressed a typical Type
IV isotherm that the primary region could be ascribed to monolayer-
multilayer adsorption.}1° The enhancement at lower relative pressure
range (0.65 < P/P, <0.85) revealed the presence of pores, and at a
high pressure range (0.85 < P/P, <1) demostrated the empty spaces
between particles in TiO,-HMP.>* BET surface areas of TiO,-NP and
TiO,-HMP were 50 and 55 m?/g, respectively. The slight increase in
surface area could be ascribed to the introduction of SiO, formed dur-
ing calcination to the surface area of TiO,. Potential effect of the bio-
template type in relation to the applied calcination temperature on
the surface area have been reported.¢%111112 The average pore size
of the TiO,-HMP specimen was ca. 5 nm implying a microporous
character with a narrow distribution exposing similarity to the meso-

porous TiO,/SiO, structure.**?

TABLE 1 Kinetic model parameters

First order kinetic model parameters

Rate constant Half-life Rate R x 1073,
k x 1073, min~?! t1/2, min mol/L min
Photocatalyst dose, g/100 ml
TiO,-NP
0.1 4.10 195 3.55
0.2 7.14 131 5.27
0.3 5.06 160 4.32
0.4 4.60 167 4.14
0.5 1.55 485 1.43
TiO-HMP
0.1 1.77 392 1.64
0.2 1.93 359 1.79
0.3 2.71 256 2.56
0.4 4.66 149 3.80
0.5 8.22 84 7.64
Initial concentration of 4-NPh, mol/L; TiO, HMP 0.5 g/100 ml
TiO,-HMP
6.0 x 107° 12.4 56 7.44
8.0 x 107° 9.52 73 7.62
1.0 x 107* 8.22 84 7.64
12 x 107* 4.90 141 5.88
3.28 | Photocatalytic activity

The expected role of photocatalyst loading and initial substrate con-
centration was investigated along with preliminary experiments
revealing the effect of dark interactions and direct photolytic reac-
tions. Removal efficiency was expressed in terms of degradation per-

centage (Equation 5) calculated as;

Degradation efficiency,% = (C, — C¢/C,) x 100 (5)

where C, and C, denoted initial concentration (t = 0) and concentra-
tion at any irradiation time, t (min).
Kinetic data were also fitted to first order kinetic model

(Equation 6) described as;

Rate = —d[C]/dt =k [C] (6)

where k denoted first order reaction rate constant (k, time %)
revealing rate of reaction as Rate (mol/L time) = k x C, and half-life
(time) t1,» = 0.693/k.

The effect of photocatalyst loading in the range of 0.1-
0.6 g/100ml on the efficiency of  4-NPh
(Co = 1.0 x 107* mol/L) was examined (SM, Part 6, FIGURE SM7).

Irradiation time dependent variations pointed out the effect of photo-

removal

catalyst loading, indicating the optimum dose as 0.2 and 0.5 g/100 ml
for TiO,-NP and TiO,-HMP, respectively. Upon use of TiO,-NP, first
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FIGURE 15 Photocatalytic degradation profiles of 4-NPh using

TiO, nanoparticle photocatalyst (TiO,-NP) and TiO, hierarchical
microstructure photocatalyst (TiO,-HMP) specimens in comparison to
sole irradiation and dark interactions.

order kinetic constants revealed an inconsistent trend in the range of
k=410 x 103 min~* to 7.14 x 1073 min~?* with respect to increas-
ing dose (0.1-0.5 g/100 ml). The reason of this inconsistency could be
attributed to light harvesting capacities of both photocatalyst speci-
mens as well as the 4-NPh.'*® Photocatalytic performance of TiO,-
HMP was more consistent reflecting an increasing trend as
k = 1.77 x 1072 min~! to 8.22 x 1072 min™? in the range of 0.1-
0.5 g/100 ml followed by a sharp decrease to k = 3.16 x 102 min~?!
upon use of 0.6 g/100 ml. Respective kinetic model parameters as
half-life (t,», min) values and degradation rates (R x 10~2, mol/L min)
were also presented in Table 1.

As expressed, prior to photocatalysis, preliminary experiments
were performed referring to conditions (i) under irradiation in the
absence of photocatalyst, and (ii) under dark in the sole presence of
photocatalyst (Figure 15). No remarkable direct photodegradation of
4-NPh was noticed even upon prolonged irradiation periods the rea-
son of which could be attributed to the very low quantum yields.*** In
non-irradiated conditions, an insignificant removal (<5%) was attained
most probably due to the minor adsorptive surface interactions
between 4-NPh and TiO,-NP. In the presence of TiO,-HMP, a similar
trend was also displayed both during the early stages of interaction
and up to 80 min of exposure, followed by a slightly increasing trend.
Under almost neutral pH experimental conditions, 4-NPh (pK, = 7.15)
was present as both 4-nitrophenol/4-nitrophenolate anion. Based on
the zeta potential measurements, pH,,. of TiO,-HMP recorded as
pH = 6.14 expressing the presence of equally distributed positively
and negatively charged surface sites. Due to the concomitantly acting
electrostatic interactions, hydrogen bonding and/or van der Waals
forces, the overall effect could be visualized as considerably lower
adsorption extents prior to initiation of photocatalysis. It should also
be indicated that under irradiation, photo-adsorption/desorption pro-

cesses would also take place between the surface of the photocatalyst

& SUSTAINABLE ENERGY

specimen and the sole substrate, as well as the reaction intermediates
and/or products. Upon photocatalytic treatment, a fast degradation of
4-NPh was observed irrespective of the type of the photocatalyst
specimen. In the presence of TiO,-HMP, noticeably higher degrada-
tion efficiency as 64% of 4-NPh was recorded in 120 min as com-
pared to 57% removal upon use of TiO,-NP. The enhanced
photocatalytic activity of TiO,-HMP could be attributed to the differ-
ent morphological characteristics compared to TiO,-NP. Higher sur-
face area could usually supply more adsorption and active sites for
photocatalytic reactions, favoring an increase in photocatalytic effi-
ciency.**? It could be concluded that self-doping was achieved during
the preparation of TiO,-HMP and thus resulted in an enhancement of
the photocatalytic degradation efficiency.

The effect of initial 4-NPh concentration on the degradation
efficiency of TiO,-HMP (loading 0.5 g/100 ml) was investigated in
the range of 6.0 x 107> mol/L to 1.2 x 10~* mol/L. Degradation
efficiencies expressed an inconsistent trend with respect to
exposed irradiation of 100 min, followed by a concentration
dependent decreasing profile upon 120 min. The respective kinetic
constants were in the range of k = 1.24 x 1072 min~! to
4.90 x 1072 min~L. The corresponding half-life variations were 56-
141 min and the first order rates were R = 7.44 x 102 mol/L min
to 5.88 x 102 mol/L min. TiO,-HMP photocatalytic degradation
rate of 4-NPh was inversely related to initial concentration under
the specified experimental conditions. Since the 4-NP was chosen
only as a model substrate, no analyses concerning the possible

intermediates were performed.

4 | CONCLUSIONS

TiO,-NP and bio-inspired TiO,-HMP specimens were synthesized by
a modified sol-gel method. RH was used as a biotemplate, preferen-
tially excluding the disadvantages of chemical templates. A detailed
characterization approach was directed to both RH and RHA to eluci-
date the baseline factors for understanding of the photocatalytic
activities of TiO,-NP and TiO,-HMP, using 4-NPh as the model com-
pound. TiO,-HMP exhibited a hierarchical mesoporous structure with
lower crystallite size as verified by respective methods. Due to calci-
nation of RH elements like S, N, Si and C were incorporated into the
structure revealing in-situ self co-doped TiO,. The resultant effect
was displayed by enhanced photocatalytic activity as evidenced by
the degradation efficiency using 4-NPh as the substrate. The prepara-
tion methodology of TiO,-HMP could be improved as an advantage
reducing the amount of TiO, at the same time increasing the benefi-
cial use of an agricultural non-food waste. On the other hand, rather
than using a commercial TiO,, two-step preparation methodology
could be regarded as a minor disadvantage. In conclusion, using RH as
a biotemplate to prepare a novel in-situ multidoped photocatalyst
would not only reduce the environmental pressure but also could pro-
duce a value-added product for water treatment.

“The present article is dedicated to the memory of Prof.

Dr. Zekiye Cinar, who passed away on July 22, 2021.”
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