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Urea oxidation is important to increase agricultural growth, which can meet food requirements across the
world. Itis pivotal for converting nitrogen to nitrate that is usable by crops, thus preventing nitrogen loss to
the atmosphere. This study focuses on improving the photodegradation efficiency of TiO, by incorporating
B-CD (beta-cyclodextrin), RGO (reduced graphene oxide), and Ag to enhance nitrate conversion. FT-IR,
DRS, PL, EDX, XRD, XPS, HR-TEM DLS, and FESEM were conducted to characterize these materials.
Among all the catalysts, the quaternary composite, B-CD/Ag-TiO,/RGO, exhibited superior
performance, achieving an 86.2% degradation efficiency with a 27.8% nitrate yield under sunlight
irradiation within 150 min of reaction time. Several factors contribute to the enhanced photoactivity of
B-CD/Ag-TiO,/RGO, including the high surface area and absorptive power of B-CD, the large electronic

mobility of RGO, and the localized surface plasmonic resonance effect of Ag, extending the catalyst's
Received 15th March 2025 to visible light. An intriqui t of this study is th \ati f it int
Accepted 20th March 2025 response to visible light. An intriguing aspect of this study is the encapsulation of gaseous nitrogen into

the hydrophobic interior cavity of B-CD, contributing to the enhancement of urea oxidation. These

DOI: 10.1038/d5n200245a findings can be very substantial for both agriculturists and chemists, providing valuable insights into

rsc.li/nanoscale-advances designing novel photocatalysts for improved urea oxidation, thereby enhancing agricultural productivity.

1. Introduction

With the projected increase in the global population, there is
a growing reliance on fertilizers to meet the escalating demand for
crops.’ Nitrogen-rich fertilizers are fundamental for promoting
crop growth, the use of which remains a cornerstone of agricul-
tural practices.” Being an easily assimilable form of nitrogen, urea
is an extensively used fertilizer that accommodates 46% N content
engaged in the mineralization process.’ Plants primarily uptake
nitrogen as nitrate (NO;~) and ammonium (NH,') ions. For urea
to become assimilable, it undergoes hydrolysis and subsequently
forms NH," ions through protonation, and a further nitrification
process begins where nitrite and nitrate form.* Plants absorb these
ions through specialized transporters that use proton gradients for
transportation.>® However, urea exhibits significant losses upon
contact with soil compared to other fertilizers, leading to
ammonia volatilization, denitrification, runoff, leaching, and
other pathways, resulting in the accumulation of reactive nitrogen
(organic nitrogen and inorganic nitrogen compounds excluding
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N,).”® Moreover, this unintended ammonia emission diminishes
crop yields due to nitrogen loss and poses long-term negative
health hazards and environmental consequences as agriculture
expands.”'® Consequently, the oxidation of urea into beneficial
products like NO;~ is imperative for sustainable agriculture."
Hence, there is an urgent need to develop efficient photocatalysts
with robust oxidizing capabilities to enhance overall NO;™
production efficiency. However, urea oxidation to nitrate is an 8-
electron transfer process that is very challenging and often affords
molecular nitrogen (N,) as the major product due to partial
oxidation. As to increase crop yield, fertilizers are often over-
applied, thereby increasing production costs. This can also
result in an enhancement of urea concentration in groundwater,
resulting in various adverse effects. As a result, different inhibitors
have been used to control nitrogen leaching, but their high cost, as
well as lack of stability in ambient conditions, limit their practical
application.

In this regard, a semiconductor-based photocatalytic process
using solar light could be more effective for NO;~ production
yield during urea oxidation to enhance crop yield in agricultural
land."* Different metal (M)-TiO, hybrid nanocatalysts display
superior photocatalytic activity, stability and reusability for
potential applications in removal of environmental pollutants
and production of green energy.” Researchers are still
attempting to fabricate a better M-TiO, nanointerface to
improve the photogenerated charge separation efficiency
synthetic  protocols for maximum

utilizing  various
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photocatalytic performance under sunlight. In addition to
numerous attempts to reduce the photoexcited electron-hole
pair charge recombination process, tuning the M-TiO, size,
shape, surface structural morphology and band energetics is
attracting a great deal of current research interest'* for highly
enhanced photocatalytic activity of urea oxidation to NO; ™~ (ref.
15) under visible/sunlight irradiation.

The loading of carbon materials like reduced graphene oxide
(RGO) over TiO, could potentially solve these problems.'®* RGO
is recognized for its excellent properties, including specific
surface area, physicochemical stability, surface flexibility, and
low production cost. Moreover, it has high electron mobility
and electric capacitance facilitating efficient multi-electron
transfer reactions.” As a result, it could promote photo-
catalytic urea oxidation which is an 8-electron transfer process.
However, its effectiveness is hindered by agglomeration and
restacking due to -7 stacking and van der Waals forces, that
reduce its surface area,'®* limiting its practical application.

B-Cyclodextrin (B-CD), a well-known supramolecule, is
a cyclic oligosaccharide composed of seven glucose units. It is
highly adsorbent, non-toxic, and acts as a capping agent to
stabilize metals. Urea oxidation frequently results in the
formation of N, as a primary product due to incomplete
oxidation. To further improve the efficiency of photocatalysts, it
is necessary to design a hybrid system with a strong affinity for
N, and significant oxidizing power, which helps to prevent
leaching and improves nitrate production efficiency.” f-CD has
a toroidal shape with a hydrophilic exterior, exposing -OH
groups for hydrogen bonding, and a hydrophobic interior that
can encapsulate non-polar guests.*** This distinctive structure
of B-CD provides numerous adsorption sites and synergistic
interactions, extending its absorption spectrum towards the
visible region and reducing the recombination rate.”® B-CD
binds with urea through covalent forces and the hydrophobic
interior encapsulates molecular nitrogen very effectively.>* This
mechanistic approach offers stronger interactions, less leach-
ing, and high nitrate yield.

For better charge separation, a photocatalyst should strongly
absorb visible light. Adding plasmonic metals such as Ag, Au, or
Cu can enhance this ability through localized surface plasmonic
resonance (LSPR), which broadens the absorption into the
visible spectrum.*® These transitions enable nanoparticles to
absorb sunlight, generating strong electric fields and photo-
generated e /h" pairs. These pairs can disseminate through
phonons, causing a rise in lattice temperatures.”® High energy
charge carriers, electric fields, and elevated temperatures can
significantly boost photoactivity.”” Therefore, the deposition of
coinage metals is an effective way to elevate the potential of
a prepared material. Interestingly, plasmonic metal-loaded
semiconductors are also emerging as new-generation catalysts
for nitrogen fixation to yield ammonia.***

It has been found that literature reports on photocatalytic
urea oxidation to yield nitrate are quite limited. Among the re-
ported materials, B-CD/TiO,@Ag NC achieves the highest
nitrate yield at 17.8(3)%, while TiO,/RGO yields 9.8(1)% with
a NaF additive under neutral pH, which can disrupt ecosys-
tems.** This reaction necessitates high electron mobility to
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maximize the transfer of electrons for enhancing nitrate yield.
Consequently, it is vital to develop a new photocatalyst with
high capacitance as well as optimum nitrogen binding ability to
facilitate urea oxidation. Inspired by these observations, highly
proficient ternary (B-CD/Ag-TiO,, Ag-TiO,@RGO, B-CD/TiO,/
RGO) and quaternary (B-CD/Ag-TiO,/RGO) heterojunction
systems were constructed by using photodeposition and
hydrothermal methods. These innovative nanocomposites, with
their promising attributes, offer high electron mobility,
increased surface area, enhanced optical response, and
improved charge separation, thus facilitating a multi-electron
transfer pathway of B-CD/Ag-TiO,/RGO for the photooxidation
of urea to afford nitrate under visible/sunlight irradiation.

2. Experimental section
2.1 Materials

Graphite powder (98% extra pure); conc. sulfuric acid (H,SO,,
98%); potassium permanganate (KMnO,, 99% extra pure);
sodium nitrate (NaNOj, 99%); hydrochloride acid (HCl, 35.4%);
L-ascorbic acid (99.5%); hydrogen peroxide (H,O,, 30% (w/v)
extra pure); ammonia (NHjz, 28%); ethanol (C,HsOH, 99.9%);
isopropanol (C,H50, 99.5%); urea (CO(NH,),, 99% extra pure)
were received from Loba Chemie, India. TiO, was supplied from
Degussa Corporation, Germany. Silver(r) nitrate (AgNO3z, =99%)
was bought from Sigma-Aldrich. B-CD (98.00%) was purchased
from GLR innovations. Deionized water (DI) was received from
Organo Biotech Laboratories and utilized during all the exper-
imental studies.

2.2 Synthesis

Preparation of RGO was done by using a reported procedure.*

2.2.1 Synthesis of Ag-TiO,. Ag-TiO, was prepared by
a photodeposition method.**** Initially, 934 pL of a solution of
AgNO; in water was added to a suspension of P25 TiO, in 10 mL
of 50% 2-propanol solution in water. Then, Ar was purged in the
mixture for 15 min, and the resultant suspension was stirred for
3 h in the presence of radiation from a UV lamp (125 W Hg arc,
10.4 MW cm™ >, 300-390 nm). The resultant mixture was
centrifuged to afford a solid product which was dried at 55 °C.

2.2.2 Preparation of Ag-TiO,@RGO nanostructures. The
preparation of Ag-TiO,@RGO NC was done hydrothermally.
About 200 mg of GO powder was dispersed in a small amount of
DI water, and then 1 g of Ag/TiO, was added to it (Scheme 1).
After stirring the mixture for 1 h, the uniform suspension was
treated hydrothermally at 180 °C for 6 h. The resulting residue
was separated by centrifugation followed by drying at room
temperature to obtain the Ag/TiO,@RGO nanocomposite,
which will be abbreviated as ATR.

2.2.3 Preparation of B-CD/TiO,/RGO nanostructures. An
analogous method was applied for synthesizing B-CD/TiO,/RGO
NC as described in Section 2.2.2 (Scheme 1). 120 mg of the p-CD/
TiO, composite was added to a 500 mg RGO dispersion under
ultrasonication. After stirring the mixture continuously for 1 h,
the homogeneous dispersion was treated hydrothermally at 180 ©
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Scheme 1l A diagram depicting the fabrication of B-CD/Ag-TiO,, Ag—TiO,@RGO, B-CD/TiO,/RGO, and B-CD/Ag-TiO,/RGO nanocomposites.

C for 6 h.** The final product was then dried overnight at 30 °C,
and this nanocomposite will be referred to as CTR.

2.2.4 Synthesis of B-CD/Ag-TiO,/RGO quaternary nano-
hybrid. The B-CD/Ag-TiO,/RGO quaternary NC was produced
using a hydrothermal method. Initially, 1000 mg of B-CD/Ag-
TiO, was dispersed in a minimal amount of water (Scheme 1).
Then, 250 mg of GO was added to the prepared uniform
dispersion under ultrasonication. After 1 h of constant stirring,
the reaction mixture was subjected to hydrothermal treatment
at 180 °C for 6 h.** The resultant product was dried overnight at
room temperature. This prepared quaternary nanocomposite
will be referred to as CTAR.

2.3 Material characterization techniques

The optical absorption of the prepared hybrids was assessed
using a Jasco V-750 spectrophotometer with barium sulfate as
the reference. Emission properties were analyzed via photo-
luminescence (PL) spectra upon excitation at 340 nm, utilizing
a spectrofluorimeter (Shimadzu RF-6000). Structural defects
were investigated through Raman spectroscopy using a Horiba

© 2025 The Author(s). Published by the Royal Society of Chemistry

Labram HR confocal micro-Raman spectrophotometer. X-ray
diffraction (XRD) patterns were recorded with a Smart Lab SE
diffractometer. Field-emission scanning electron microscopy
(FESEM) images were recorded with a JEOL JSM-7600F electron
microscope. Elemental composition and distribution were
analyzed using energy dispersive spectroscopy (EDS, Bruker).
High-resolution transmission electron microscopy (HR-TEM)
studies were performed with a JEOL JSM-F200. X-ray photo-
electron spectroscopy (XPS, PHI 5000 VERSA Probe IIT) was used
to study the chemical environment and oxidation states of the
samples. Total organic carbon (TOC) measurements were con-
ducted with a Thermo Scientific HiPer TOC-TN-CLD module to
evaluate the demineralization efficiency of CTA, ATR, CTR, and
CTAR. Sample aliquots were mixed with H;PO, (5% w/v) and
Na,S,0g (10% w/v). Then, the reaction mixture was heated in
a glass vessel to oxidize all the organic carbon to CO,, which was
detected using a non-dispersive infrared (NDIR) detector. The
nitrate yield was further estimated using the ultraviolet spec-
trophotometer screening method (Varian UV0910M156) by
monitoring the absorbance at 220 nm.

Nanoscale Adv., 2025, 7, 3055-3067 | 3057
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2.4 Photodegradation analysis

The photocatalytic performance of the ternary and quaternary
nanocomposites (NCs) was investigated using urea as the model
molecule at an initial concentration of 1.8 mM. Each test was
conducted in a series of test tubes, holding 10 mg of catalyst
suspended in 10 mL of urea solution. To attain adsorption-
desorption equilibrium, the suspensions were stirred vigorously
in the dark for 30 min. For urea degradation, the test tubes
containing catalysts were kept under sunlight for 150 min in
Patiala, India (1-30 May 2023; 12:00 pm-2:30 pm), with average
solar radiation of approximately 785 W m™> and temperatures
around 35 °C. After 30 min fixed interval, 2 mL of supernatant
was collected, and the catalyst was removed by centrifugation at
8000 rpm from the degraded solution. Additionally, urea
concentration was estimated using the p-dimethylamino-
benzaldehyde (DMAB) method.*

Urea photodegradation efficiency using the various photo-
catalysts was calculated using the following equation:

G — G
0

Photodegradation efficiency(%D) = x 100

(1)
where C, and C; denote the initial and final concemtrations of
urea before and after the photocatalytic reaction.*

TOC measurements were conducted with a Thermo Scien-
tific HiPer TOC-TN-CLD module to evaluate the demineraliza-
tion efficiency of CTA, ATR, CTR, and CTAR. The
demineralization efficiency (%) was calculated according to the
following equation:*

TOCinitial - TOCﬁnal

100
TOCinitial x

(2)

Demineralization efficiency(%) =

3. Results and discussion
3.1 Characterizations

3.1.1 Optical absorption. UV-DRS spectra shown in Fig. 1a
and Siaf illustrate the optical characteristics of the prepared
catalysts. In the DRS patterns of Ag/TiO, and CTA, a distinct
broad band in the visible range (400-500 nm) is observed,
accredited to the LSPR effect of Ag nanoparticles.*** The
inclusion of RGO in ATR NC not only induces a bathochromic
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shift but also improves light absorption in the visible range.*
Additionally, a strong and broad band is observed for CTR and
CTAR NCs due to RGO. In the quaternary composite, the plas-
monic band of Ag nanoparticles merges with the RGO band,
owing to the extensive absorption range of RGO. This expanded
absorption throughout the visible spectrum increases photon
availability, generating a higher number of charge carriers and
can thereby enhance photocatalytic performance.*

The band gap energy of the synthesized ternary and
quaternary NCs was determined using Tauc plot (eqn (3)):

ahv = A(hv — E,)" (3)

where a = absorption coefficient, #v = energy of the photon, E,
= band gap, A = energy independent constant, n = Tauc
exponent (n = 1/2 (indirect band gap)). The E, values of Ag/TiO,,
CTA, ATR, CTR, and CTAR nanocomposites were found to be
2.86, 2.57, 2.38, 2.15, and 1.85 eV, respectively, as shown in
Fig. 1b and S1b.* The quaternary NC shows a significantly
reduced band gap of 1.85 eV. The reduction in E, is apparent
with the successive addition of RGO, Ag, and B-CD to the TiO,
surface, causing a shift in the optical response towards the
visible spectrum. Consequently, this enhancement could
improve the photocatalytic performance of the fabricated
quaternary NC.

3.1.2 Photoluminescence. To determine the impact of Ag,
RGO, and B-CD on charge carrier separation, PL analysis was
carried out. Bare TiO, exhibits two emission bands at 380 nm
and 536 nm whereas the Ag/TiO,, CTA, ATR, CTR, and CTAR
nanocomposites have smaller emission intensities compared to
pristine TiO, (Fig. 2). The PL results suggest that the lifespan of
photoinduced charge carriers in the photocatalysts follows the
decreasing order: CTAR > CTR > ATR > CTA > Ag/TiO, > TiO,.
Among all the samples, CTA displayed the highest emission
intensity, which suggests a greater rate of recombination and
less effective photoinduced charge separation. In contrast, the
emission intensity significantly decreases with the addition of
Ag, RGO, and B-CD in the nanocomposite. The quenching of PL
signals is ascribed to the electron transfer from TiO, to the
surfaces of metallic Ag and RGO. Moreover, RGO's high elec-
trical conductivity facilitates the transfer of electrons, leading to
a lower recombination rate.*»** Furthermore, B-CD provides
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(a) DRS spectra and (b) Tauc's plots of CTA, ATR, CTR, and CTAR nanocomposites.
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Fig. 2 Photoluminescence spectra of CTA, ATR, CTR, and CTAR
nanocomposites.

a favorable environment for prolonging the lifetime of photo-
generated charge carriers.** The maximum quenching occurred
in the quaternary composite, indicating that the synergistic
interaction between Ag, RGO, and B-CD creates multiple elec-
tron transfer pathways, thus enhancing charge carrier separa-
tion and reducing PL peak intensity.

3.1.3 Raman spectral analysis. Fig. 3 illustrates the Raman
spectra for CTA, ATR, CTR, and CTAR nanocomposites. The
spectra reveal distinct Raman bands for anatase TiO, at 145,
390, 518, and 640 cm™ ', which are characteristic of the Eg(1),
B1g(1), Alg + B1g(2), and Eg(2) optical Raman modes, respec-
tively. In the CTA nanocomposite, B-CD and Ag exhibited no
additional active bands. In contrast, the CTR, ATR, and CTAR
nanocomposites containing RGO, exhibit D and G bands
centered at 1348 and 1598 cm™"'. The D band, related to sp>-C
atom vibrations, indicates defects and asymmetry, whereas the

—CTA
—ATR
—CTR
———CTAR

Eq(1)

A1g*Bi1g(2)

Intensity(a.u)

1310cm™  1564cm™
D Band G Band
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Raman shift(cm™)

Fig. 3 Raman spectra of CTA, ATR, CTR, and CTAR nanocomposites.
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G band, associated with sp>~C atom vibrations, signifies crys-
tallization and uniformity.*® The CTAR nanocomposite shows
similar Raman bands corresponding to anatase TiO, and the G
and D bands associated with RGO, confirming the successful
formation of the CTAR NC. The peak intensities in the spectra of
ATR, CTR, and CTAR are noticeably decreased due to the
surface coverage by B-CD and RGO.

3.1.4 XRD patterns. The XRD (Fig. 4) peaks of TiO,,
common across all samples, are located at 26 = 25.4, 37.7, 48,
53.8, 55, 68.7, 70.2, 75.2, and 82.9°, corresponding to the (101),
(004), (200), (105), (211), (115), (220), (215), and (301) crystallo-
graphic planes of anatase TiO, (ICDD card 21-1272). The char-
acteristic peaks observed at 26 = 27.4, 35.8, and 62.8° are
assigned to the (110), (103), and (204) planes of the rutile analog
(ICDD card no 00-021-1276).*° The CTR sample exhibited
similar diffraction peaks to those of bare TiO,. Notably, the XRD
patterns did not show peaks for -CD and RGO, likely because C
and O have lower X-ray scattering coefficients as compared to
silver and titanium. The CTA, ATR, and CTAR nanocomposites
displayed signals at 26 = 38.2, 44.3, and 64.1°, correlated to the
crystallographic (111), (200), and (220) planes of Ag with face-
centered cubic symmetry.”” The deposition of metallic Ag and
B-CD in NCs does not alter any diffraction pattern, indicating
the purity and crystallinity of the prepared hybrid
photocatalysts.

3.1.5 Structural/morphological studies. The structural and
morphological characteristics of the CTA, ATR, CTR, and CTAR
NCs were analyzed using the FESEM technique. In Fig. 5a and b,
CTA shows a clustered, agglomerated, and spherical structure
with Ag nanoparticles embedded on the TiO, surface. The
presence of a white shell could be attributed to B-CD. The
images of ATR display a ruffled and crumpled layered structure.
Fig. 5c and d suggests that TiO, particles are evenly distributed
across the RGO sheets, with spherical Ag nanoparticles
(appearing as bright spots) uniformly embedded on the entire
RGO surface.*® In Fig. 5e and f, CTR is seen to have a sheet-like,
RGO-based sandwiched structure with TiO, particles evenly
attached to the RGO layers, and the white lining around the
sheet edges may be due to B-CD loading. The FESEM images in
Fig. 5g and h show an aggregated, interconnected structure with
TiO, particles clearly affixed to the RGO surface, and a white
lining around the sheets, likely due to B-CD. The Ag nano-
particles are not distinctly visible, which is furthermore
corroborated by HRTEM images. The EDX mappings (Fig. S1a-
f}) support the occurrence and uniform distribution of all the
individual elements in the nanocomposites. The Ag loading on
TiO, was found to be 0.68 mol% from the EDX spectra
(Fig. s1gt).

HRTEM analysis was conducted to investigate the shape,
size, and interactions between the components of the quater-
nary NC. Fig. 6a provides evidence of the layered morphology of
RGO sheets. Fig. 6b shows the accumulation of clustered,
spherical, and agglomerated metallic Ag deposited on TiO, over
the RGO layers. The dark spots of metallic Ag, which appear
black, range in size from 7 to 21 nm. Fig. 6¢ and d clearly depicts
the white lining of f-CD around the TiO, particles and the black
spots of metallic Ag firmly attached to the TiO, surface.’® The
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Fig. 4 XRD patterns of (a) CTA, (b) ATR, (c) CTR, and (d) CTAR nanocomposites.

Fig. 5 FESEM images (a)-(h) of CTA, ATR, CTR, and CTAR nano-
composites at different magnifications.

RGO sheets serve as a substrate for the integrated photo-
deposited Ag on the TiO, nanoparticles.*’ Fig. 6e shows two sets
of lattice fringes: 0.36 nm for the (101) plane of TiO, and
0.23 nm for the (111) plane of Ag(0). Fig. 6f presents the SAED
pattern, displaying concentric rings with bright spots analogous
with the TiO, (110), (101), and metallic Ag (111), (200) diffrac-
tion planes of the CTAR nanocomposite.

3.1.6 XPS analysis. XPS analysis (Fig. 7) confirms the
presence of C, O, Ti, and Ag in the CTAR hybrid composite. The
C 1s spectrum (Fig. 7) contains characteristic peaks at 284.7,
286.0, and 288.6 €V for the aliphatic, ethereal, and carbonyl
carbons respectively. The O 1s spectrum (Fig. 7c) shows peaks at
529.8 and 532.1 eV, corresponding to titanium- and carbon-
bound oxygen atoms, respectively. The Ti 2p signals (Fig. 7d)
at 458.6 eV and 464.3 eV suggest the presence of tetravalent

3060 | Nanoscale Adv., 2025, 7, 3055-3067

titanium with a difference in binding energy of 5.7 eV. Notably,
the Ti 2p spectrum also includes one additional signal at
460.0 eV corresponding to Ti-C bonding. The Ag 3d spectrum
shows peaks at 367.9 eV and 373.9 eV, with a splitting of 6.0 eV,
confirming the occurrence of zerovalent silver in the CTAR
nanocomposite. Moreover, the loading of silver on TiO, was
observed to be 0.68%, which is consistent with the results ob-
tained from EDX spectra.

3.1.7 FT-IR studies. To identify the different functional
groups, FT-IR studies were performed (Fig. S3a and bt). The
O-H stretching vibrational modes of B-CD-loaded ternary and
quaternary heterostructures (3343 cm ') are shifted towards
higher energy compared to bare B-CD. Such observation reveals
that the binding of TiO, increases the structural rigidity of B-CD
thereby increasing the vibrational frequencies. For B-CD/
TiO,@Ag, strong -OH stretching at 3343 cm™ " and Ti-O-C
bands below 1000 cm ™" indicate the interaction between B-CD
and TiO, with Ag nanoparticles. Ag/TiO,@RGO shows

TiO, (110)_
) TiO, (101)

101/nm

Fig. 6 HRTEM images showing structural morphology (a)-(d), lattice
fringes (e), and SAED pattern (f) of the CTAR nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS spectra showing (a) overall survey spectrum; (b) C 1s; (c) O 1s; (d) Ti 2p; (e) Ag 3d of the CTAR quaternary heterostructure.

characteristic peaks at 1716 cm ™" (C=0) and 1582 cm ™' (C=C),
confirming the presence of RGO, along with Ti-O-C bonds
suggesting TiO,-RGO interactions. B-CD/TiO,@RGO exhibits -
OH stretching band at 3343 ecm ' and C=0/C=C peaks,
reflecting contributions from B-CD and RGO, coupled with
strong Ti-O-C signals. In the spectrum of B-CD/TiO,/Ag/RGO,
the presence of -OH, C-H, and Ti-O-C peaks highlights
enhanced interactions between B-CD, TiO,, RGO, and Ag
nanoparticles, demonstrating the composite's robust structural
integration.

3.2 Photooxidation of urea

The efficiencies of the CTA, ATR, CTR, and CTAR NCs were
assessed in photocatalytic urea oxidation. Fig. 8 shows the
adsorption and photodegradation curves for the various nano-
composites after 150 min of reaction time. The adsorption
capacity of the catalysts showed a progressive increase in the
following sequence: CTA < ATR < CTR < CTAR. This improve-
ment is likely due to the incorporation of new guest binding
sites arising from the deposition of B-CD, RGO, and Ag

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanoparticles (Fig. S41 and 8a). Once equilibrium was achieved,
the catalytic activity was examined under sunlight (Fig. S5+ and
8b). Sunlight exposure enhanced the photoactivity of all the
catalysts, where the quaternary composite (CTAR) exhibited the
highest degradation after 150 min of sunlight exposure.

The oxidation of urea involves the transfer of 8 electrons to
form nitrate.”* The composites incorporate RGO, which has
high electron mobility, facilitating electron transfer and
enhancing photoinduced charge separation. B-CD provides
a substantial number of sites for urea binding, which results in
reduced nitrogen leaching. Moreover, the deposition of Ag
nanoparticles enhances light absorption due to the LSPR
effect.’>*°

The modification with different components in all the cata-
lysts altered the oxidation trend, as shown in Fig. 8c, following
the order: CTAR (86.2%) > CTR (75.8%) > ATR (70.5%) > CTA
(55.7%). The observed data were analyzed according to
a pseudo-first-order kinetic equation:>

lnﬁ—kt

o= @
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Fig. 8 Variation of urea concentration (a) in the dark and (b) under sunlight irradiation. (c) Comparison of degradation efficiency and (d) pseudo-
first-order kinetic fitting for CTA, ATR, CTR, and CTAR nanocomposites.

where C, = initial concentration, C; = concentration at time ¢, k
= pseudo-first-order rate constant (min ).

The rate constant (min~") for urea oxidation followed the
order: CTA (0.0069) < ATR (0.0092) < CTR (0.0133) < CTAR
(0.017). Among all the nanocomposites, CTAR exhibits the
highest rate of photocatalytic reaction. The combined compo-
nents in the CTAR nanocomposite contributed to the improved
photocatalytic activity.

3.3 Demineralization efficiency and nitrate yields

It is clear that the oxidation of urea does not necessarily lead to
complete mineralization into CO, and H,O. Therefore, it is
crucial to assess the demineralization efficiency®>* (eqn (2)).
Fig. 9a presents the results of urea oxidation using bare CTA

(54%), ATR (69.7%), CTR (75%), and CTAR (85%) over 150 min
under sunlight irradiation. The CTAR nanocomposite demon-
strates the highest demineralization efficiency (85%) of urea
which aligns closely with the degradation efficiency suggesting
its complete photodegradation.

The principal aim of this study is to improve the overall yield
of NO;~ using potential photocatalysts. The oxidation of urea
was conducted using CTA, ATR, CTR, and CTAR under sunlight
for 150 min to determine the NO; ™ yield. The results depicted in
Fig. 9b illustrate the NO;  yield achieved by these photo-
catalysts. Remarkably, the CTAR nanocomposite exhibits the
highest NO;~ yield at 27.8%. The synergistic effect of silver,
RGO, and B-CD loading demonstrates greater solar light
absorption, increases electron-hole pair lifetime, and mini-
mizes nitrogen leaching.**

85(1)

CTA ATR CTR CTAR

304®

27.8(2)

Nitrate yield (%)

CTA ATR CTR CTAR

Fig. 9 Comparison of (a) demineralization efficiency and (b) nitrate yield for the different hybrid composites.
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Table 1 Comparison of urea degradation and nitrate yield for the
CTAR quaternary nanocomposite with reported photocatalysts

Urea degradation Nitrate yield

Photocatalyst efficiency (%) (%) Reference
N-Doped TiO,/polystyrene 70 0.37 55
RGO/TiO, 66(1) 9.8(1) 20
B-CD,;5/TiO,@Ag; 78(1) 17.8(3) 32
CTAR 85(1) 27.8(2) This work
100
80 4
72.5
T
]
T
S 60
o 52.6
T
©
2 404
S 33.1
[T
o
® 20 1
0 = T T T
No scavenger EDTA IPA Ar gas

Fig. 10 Effect of scavenger addition in the photocatalytic urea
degradation efficiencies of the CTAR quaternary heterostructure.

It found that the CTAR quaternary hybrid exhibits the
highest urea degradation efficiency and nitrate yield (%)
compared to previously reported photocatalysts (Table 1).

E %’ Reduced graphene
1 oxide
IPotential (eV)
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3.4 Scavenger studies

Various scavengers, such as EDTA, IPA, and argon gas, were
selected to reveal the roles of various reactive species.*® Scav-
enging experiments were conducted during the urea oxidation
over the CTAR photocatalyst under similar conditions (Fig. 10).
As depicted in Fig. 10, the degradation rate significantly
decreased in the presence of IPA and argon gas, indicating that
'OH and O, act as the essential active species in the oxidation
of urea. Conversely, the rate of degradation also decreased with
the EDTA scavenger, although the reduction was lesser, sug-
gesting that the holes (h") have minor participation in the
oxidation process.

3.5 Mechanistic details

The band gap energy (E;) values obtained from the DRS analysis
were utilized to calculate the valence band (VB) and conduction
band (CB) positions at the point of zero charge using the
following equations (Scheme 2):

EVB:X7E6+0.5Eg (5)

(6)

where Ecg = conduction band edge, Evp = valence band edge, Eq
= energy of the bandgap, E° = free electron energy (4.5 eV vs.
NHE), x = absolute electronegativity of photocatalyst (5.81 vs.
NHE for TiO,).

The photodegradation mechanism of the B-CD-containing
CTAR composite for urea degradation can be explained based
on the band positions of TiO,. The CB is positioned at
—0.385 eV and the VB is at +2.235 eV, relative to the NHE. Upon
sunlight irradiation, TiO, does not absorb significantly due to
a large band gap. However, the incorporation of Ag substantially

Ecg = Evg — E;

Pathl

- CO(NH,), !

NH,—» NH,(ads) NHy
NH(ads) —» N g,
N(ads) gote

------

- -OH .05’ :
> NH,—» NH,—» NH,0H—>» .O,NHOH
OH

Scheme 2 Schematic representation showing the relative band positions and the photocatalytic activity of the CTAR composite.
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enhanced the visible light sensitization of TiO, due to the SPR
phenomenon. The interaction of sunlight with Ag induced
a collective oscillation of its conduction electrons, generating
a localized electric field. This effect facilitated the efficient
separation of photogenerated electron-hole (e /h") pairs on the
TiO, surface, thereby transforming it into a visible-light-active
photocatalyst. In the presence of Ag nanoparticles and RGO,
these electrons are efficiently separated and transported,
reducing recombination rates. Ag acts as an electron sink, while
RGO facilitates charge transfer due to its excellent conductivity.
As the CB edge potential is much more negative than that of O,/
0, " (—0.046 eV), there is a facile reduction of dissolved oxygen
to form superoxide anions. Similarly, the VB edge potential is
more positive than that of "OH/H,O (+2.68 eV), allowing the
oxidation water to produce hydroxyl ("OH) radicals. These
reactive oxygen species (ROS) effectively break down urea into
NO;~ and less harmful byproducts. Additionally, B-CD
enhances the photocatalytic efficiency by forming inclusion
complexes with urea molecules, increasing their local concen-
tration near the photocatalyst's active sites and improving the
degradation efficiency. This synergistic effect makes the
composite highly effective for the photodegradation of urea.
The mechanism involves the synergistic interaction between
Ag, Ti, and RGO as shown in Scheme 3. Photoexcited electrons
from the TiO, CB swiftly migrate to Ag and RGO, preventing
photoelectron pair recombination and increasing charge
carriers to form reactive species (O,”, "OH), thus boosting
photocatalytic performance. The two-dimensional RGO struc-
ture provides excellent conductivity, facilitating rapid charge

View Article Online

Paper

transport and separation. Ag nanoparticles generate high-
energy electrons with the LSPR effect, which undergo fast
transfer to the RGO surface. These electrons react with adsor-
bed oxygen to form superoxide ions (O, ), while excited holes
oxidize with H,O to produce hydroxyl radicals ("OH). Both
species are important for urea degradation.*®

Urea molecules first interact noncovalently with the hydroxyl
groups of B-CD (step 1) and are oxidized to produce molecular
nitrogen (N,) (step 2). This nitrogen binds to the hydrophobic
region of B-CD (step 3), which helps minimize nitrogen leach-
ing. Following this, the nitrogen bound to B-CD undergoes
further oxidation, resulting in the formation of nitrate (step 4).
The final step (step 5) is associated with the release of nitrate to
regenerate the original photocatalyst.

3.6 Reusability and stability studies

The practical applicability of a catalyst is often assessed based
on its recyclability and stability. Herein, the recyclability of the
CTAR catalyst was evaluated over four cycles under sunlight. As
shown in Fig. 11a, the CTAR NC's degradation efficiency drop-
ped by only 9% after four cycles, highlighting its potential as
a reusable catalyst. The slight decline in photocatalytic perfor-
mance could be attributed to the loss of photocatalyst mass
during successive experiments.

Furthermore, the structural stability of the catalyst was also
evaluated to support this assertion. Fig. 11b displays the XRD
patterns of the CTAR nanocomposite before and after photo-
catalytic degradation reactions. No shifts in peak positions or

s M Light
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FolN

OXIDATION OF
N, TO NITRATE

*OH/O;

v
- H
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Scheme 3 Detailed mechanism for urea oxidation catalyzed by the B
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-CD/TiO,/Ag/RGO (CTAR) quaternary composite.
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of the CTAR NC before and after degradation.

changes in peak intensities were observed, indicative of struc-
tural integrity. Therefore, the CTAR NC is considered an excel-
lent material for the photocatalytic oxidation of urea.

4. Conclusion

Novel ternary and quaternary nanocomposites incorporating
Ag, RGO, and B-CD were synthesized for the first time and
extensively studied with the aim of enhancing the photo-
catalytic oxidation of urea. Among these, the CTAR quaternary
nanocomposite demonstrated exceptional photocatalytic effi-
ciency, achieving 86.2% degradation within 150 min under
solar light, surpassing that of the other ternary nano-
composites. The incorporation of Ag extended the visible light
sensitivity of TiO,, B-CD facilitated nitrogen binding through
hydrophobic interactions to minimize nitrogen leaching, and
RGO provided high capacitance and electron mobility while
preventing rapid recombination of photogenerated charge
carriers. The synergistic interactions among TiO,, Ag, f-CD, and
RGO contributed to the superior photocatalytic performance of
the quaternary nanocomposite. Furthermore, the catalyst
exhibited remarkable stability and recyclability. This study
underscores the potential of the CTAR composite as a green,
solar light-activated catalyst for enhancing the photocatalytic
oxidation of urea.
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