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C-Dots obtained from a sustainable route (melon-rinds were used as the source) were combined with TiNRs to
create a composite via a simple hydrothermal technique. The obtained materials were subjected to analyses viz.
FESEM, XRD, Raman spectroscopy, XPS, PL, FTIR and UV-vis-DRS for understanding their intrinsic nature. The
solar photocatalytic performance was evaluated by the degradation of methyl orange (MO) as a model
pollutant. The optical properties indicated that there was a clear redshift in the composite with a band gap of
2.49 eV, while the XRD results corresponded to a calculated crystalline size of 24.80 nm. The PL analysis
proved the role of C-dots as an electron surge to the TiNRs. The photocatalytic reaction was faster with C-
dots as compared to the solo TiNR with a higher degradation of 93.3% within 150 min obeying pseudo-first

order kinetics with a rate constant k = 0.01723 min~%. The charge carrier scavenging investigation showed the
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Accepted 7th May 2020 role of numerous reactive oxygen species (ROS) on the degradation of MO. The formulated composite has
demonstrated its ability in effectively handling the contaminants in water. Thus, this study establishes the two-
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1. Introduction

In the last era, the scarcity of potable water has been observed at
an alarming rate across the several nations of the world. In
general, developed countries consume more water resources as
compared to developing countries." However, the presence of
large population in a specific nation makes its water demand
equivalent to that of developed nations. On the other hand, the
industrialization of fast-growing economy nations overburdens
the water utilization and generates an enormous amount of
wastewater as effluent.> Such disposed effluent poses a serious
threat to the quality of life due to the presence of numerous
classifications of organic and inorganic pollutants. Also, the
whole ecosystem is unbalanced and placed at risk with the
presence of effluent. In order to improve the negative impacts of
these scenarios, the sustainable recycling of domestic and
industrial effluents becomes essential and is achieved through
cutting edge technologies. The most practiced approaches of
the past and present (coagulation, flocculation, adsorption,
filtration, ion-exchange and chlorine dosing) do not have
enough potential to maximize the gap. Amongst the sustainable
cleanest technologies, solar energy is one that has the ability to
address the mentioned gap.*® This source of energy can be used
in the field of light-driven energy materials with diversified
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large-scale production of a photocatalyst.

applications, such as water and wastewater treatment,* solar
cells,” artificial photosynthesis,® air purification,” and solar
water heating.® Though the solar spectrum contains photons
with numerous different energy levels, the spectrum that is
obtained at the near-earth surface is in the UV-visible-infrared
range in the ratio ~1:9:10.° The task for materials
researchers is to utilize the maximum range of the spectrum i.e.,
the visible-infrared region, through the use of light-driven
nanomaterials. Materials that are quantum-confined can
generate charge carriers that further react with water molecules
to generate reactive oxygen species (ROS), a surface-active agent
that eliminates the pollutants present in water.'®"

In nanomaterial syntheses, the manipulation of atoms through
interfacial modification can enhance the properties of the mate-
rials, such as specific surface area and pore volume, where larger
pore sizes improve the electrical, optical, chemical, and physical
properties.”>** Thus, they help the materials to become robust and
reliable towards their specified applications.** Nanomaterials like
TiO,, unmodified or doped with Fe, Co, Cu, Mn, Mg, Zn, etc., have
been widely used to maximize the work function. However, a cut-
off wavelength (maximum) near 600 nm was achieved as against
380 nm, allowing only a portion of the solar spectrum to be
utilized. This restricts the resulting quantum efficiency of the
material, resulting in the inefficient treatment of aquatic pollut-
ants. Hence, scientists have developed numerous combinations of
nanomaterials, such as TiO,-WO3," TiO,-V,0s,"® g-C3N,/TiO, (ref.
17) and co-catalysts supported with noble metals to improve the
heterojunction and electron sink reservoir for maximizing the
quantum efficiency.'®"
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In the present contribution, carbon dots (C-dots) were fused
with TiO, for a similar quantum efficiency enhancement. C-
Dots are basically carbon nanoparticles with sizes less than
10 nm. They exhibit remarkable photoluminescence behavior
that utilizes the right extreme of the solar spectrum (500 =< A <
1000 nm), thus delivering an efficient work function and
improved charge transfer characteristics.” C-Dots effectively
absorb visible light and promote photoelectron transfer to
enhance the visible light photocatalytic performance. Some of
the recent reports have examined the mentioned unique char-
acteristics in functional materials. Feizpoor et al (2019)
synthesized particles that exhibited high stability and durability
in degrading a wide range of dyes (RhB, MO, and MB).>' On the
other hand, Roshni V et al. (2019) obtained C-dots derived from
agricultural waste and used them for sensing applications
(Cr(vr) and bio-imaging of MCF-7 cells).”” Yousaf et al. (2018)
showed that Cr(vi) could be removed from an aqueous medium
using rosin-biochar-coated (RBC) TiO,@C with a 95% removal
in 60 s and further observed that a negative Gibbs free energy
governed its spontaneous and favourable conditions.?® Liu et al.
(2019) reported a TiO,/C composite loaded with Pt (0.04-
0.1 wt%) for the oxidation of formaldehyde (HCHO) at room
temperature.>* The electron sink behaviour of the C-dots was
revealed by Li et al. (2018) through the ternary combination of
C-dots/g-C3N,/TiO, that showed enhanced H, production ob-
tained through the classical water splitting mechanism.?* Some
natural materials, including graphite oxide, citric acid obtained
from citrus, Gingko biloba, coffee grounds, soya milk, grass and
eggs, have been explored for the synthesis of C-dots.”**”
However, it is still desirable to rapidly synthesize high-quality C-
dots by an easy and environmentally benign method with low-
costs and readily available starting materials. Here, we
focused on natural organic watermelon rinds for making C-dots
for the first time.

A rapid route to synthesize highly luminescent novel C-dots/
TiO,nanorods (C-dots/TiNR) by a simple hydrothermal treat-
ment is presented here. Watermelon rind (Citrullus lanatus)
contains about 95% of nutrients and a portion of citrulline (a-
amino acid).”® It has a unique light absorption characteristic
from the C-dots that is enhanced in the presence of TiNRs. The
as prepared C-dots are combined with the TiNRs for better UV-
vis light absorption capacity and better surface area. The char-
acterization of the C-dots/TiNR was carried out through FESEM,
XRD, XPS, FTIR, Raman spectroscopy, PL, and UV-vis-DRS. The
light function experiments were performed that verified the
ROS interaction with the pollutant in their course of degrada-
tion along with a recyclable study. The work function for the
enhanced quantum efficiency of the composite and its inter-
action with the pollutant were analyzed and discussed.

2. Materials and methods

2.1. Materials

Raw watermelon was obtained from the local market of Dhan-
bad City, India. Titanium tetrachloride (TiCl,, 99.9%), sodium
hydroxide (NaOH, =98%), ammonia (NH3, 25%), hydrochloric
acid (HCI, 36%), absolute ethanol (C,H;OH) and methyl orange
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with analytical grade were purchased from Merck (India) and
they were used as received. Double de-ionized water was used
throughout this study and was prepared by the ion exchange
method.

2.2. Synthesis

2.2.1. Preparation of C-dots. The C-dots were prepared by
obtaining watermelon peel through a low-temperature pyrolysis
and filtration technique. First, the watermelon (WM) was peeled
into small pieces and washed thoroughly with the distilled
water (DI). The WM peel was weighed and put into a silica
crucible and kept in the muffle furnace at 220 °C for 2 h under
ambient conditions. Finally, carbonization of the WM rind took
place and the color changed to black. The obtained product was
transferred into DI water and sonicated for 20 min followed by
filtering with a 0.21 um filter membrane. The filtrate product
was centrifuged at 12 000 rpm for 30 min, resulting in the
formation of a supernatant containing C-dots.

2.2.2. Preparation of C-dots/TiNR. C-Dots/TiNR (2.15% w/
w) was synthesized by a hydrothermal process. In a beaker,
anhydrous titanium tetrachloride was added drop-wise in
hydrochloric acid in the molar ratio of 2.1 : 1 under inert N, gas.
This led to the formation of H,TiCl,. Then, 25 mL of H,TiCl,
and 75 mL of DI water were added under vigorous stirring to
make the solution 100 mL. An excess 100 mL NH; solution was
added into the H,TiCls solution to complete the reaction. Due
to hydrolysis, a raw amorphous gel (TiO, - nH,0) of titanium was
formed. The obtained gel was filtered with the help of DI water
until residual chlorine was removed; this was tested by reaction
with a AgNOj; solution. The amorphous TiO,-nH,O gel (~1 g)
was mixed with 10 mL of C-dots (using a serological pipet) with
NaOH (10 mol L") aqueous solution and then placed in a pol-
y(tetrafluoroethylene)-lined autoclave with a volume capacity of
100 mL and filled with the capacity of 80%. Hydrothermal
syntheses were performed at 160 °C for 20 h in the muffle
furnace. The obtained powder was centrifuged at 8000 rpm and
thoroughly washed with ethanol and DI water, then dried
overnight at 60 °C in the vacuum oven. The detailed synthesis is
shown in Scheme 1.

2.2.3. Characterization. The morphologies of C-dots and C-
dot/TiNRs were analyzed by a field emission scanning electron
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Scheme 1 Schematic illustration of C-dot/TiNR synthesis.
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microscope (FE-SEM, Supra 55, Zeiss, Germany) with a voltage
of 15 kV. X-ray diffraction (XRD, X'Pert PRO; Pananlytical;
Netherlands) patterns were recorded with Cu Ka radiation (A =
0.15418). The measurements were performed over the 26 range
of 20-90°, with the scan speed 20°/h. X-ray photoelectron
spectroscopy (XPS) was measured with a KratosXPS system with
an Al Ko (1486.6 eV) source. The functional groups were char-
acterized by FTIR spectroscopy (Model: Cary 660, Agilent, USA)
in the range of 4000 to 400 cm ' using KBr pellets. Raman
spectra were recorded (LabRAM HR, Horiba, France) in at
325 nm with a 514 nm laser using a CCD detector. The recom-
bination of electron-hole pairs in the photocatalysts was
determined photoluminescence (PL) emission spectroscopy
(PTI QM400, Horiba) at room temperature. UV-visible diffuse
reflectance spectroscopy (DRS) was recorded on a Cary 5000,
Agilent, USA.

2.3. Photocatalytic degradation experiment

The photocatalytic performance of C-dots/TiNR was assessed
through methyl orange (MO) photodegradation using direct
sunlight on a sunny day from 11AM to 2PM IST (Indian Stan-
dard Time) at the IIT (ISM) campus on the roof of the Envi-
ronmental Engineering Department (latitude —23°48’ N,
longitude —86°26' E) on May 25, 2019. The solar irradiation
intensity was measured through a Net radiometer (LPNET14,
Delta Ohm, Italy) with the range of 0-2000 Wm™>. The average
illumination intensity over each iteration of run was noted. The
conversion of incoming photon flux (Ix) into power intensity
(Wm?) depends on the sun intensity on a particular day. The
other corresponding metrological parameters were recorded
and the mean are reported in Table 1. In the experiment,
a beaker contained 50 mL of MO solution (10 ppm). Prior to
solar irradiation, the synthesized photocatalyst (50 mg) was put
into the beaker containing MO solution and magnetically stir-
red in the dark for 1 h to establish the adsorption-desorption
equilibrium. After that, it was exposed to the direct sunlight
irradiation with continuous magnetic stirring and circulation of
water through the water jacket was done to maintain the solu-
tion temperature. At regular intervals of time, an aliquot (about
5 mL) of the mixed solution was collected and centrifuged to
remove the composite; the residual MO concentration in the
supernatant was analyzed by UV-visible spectroscopy at 465 nm.

The degradation rate largely depends on the structure of
organic dye, light intensity, illumination source, dye concen-
tration, catalyst morphology, and the pH of the medium. In all
experiments, the concentration of organic dyes was keep
constant, which is 5 mg L™ " and pH was maintained at 7. The

Table 1 Meteorological conditions during experiment
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degradation efficiency of organic dyes was calculated using the
following formula:*®

Degradation ratio (%) = [(Cy — C)/Cp] x 100 (1)

Here, C, represents the initial concentration of organic dye and
C, represents the total concentration of organic dye degradation
after time interval ¢.

2.4. Radical scavenging study

The degradation of MO was performed under direct sunlight
irradiation. In a typical experiment, 50 mg of as-synthesized
photocatalyst was added to a beaker containing 50 mL of MO.
The mixture was then stirred in the dark until it achieved
adsorption-desorption equilibrium. The standard radical
scavenging agents viz. isopropyl alcohol (IPA, 1 mM), benzo-
quinone (BQ, 1 mM), and methyl alcohol (MeOH, 1 mM) were
added for trapping hydroxyl radical (OH), superoxide anion
radical ("O,7) and holes (h"), respectively. The procedures of the
radical trapping species experiments were analogous to that of
the photodegradation experiment.®® An inert atmosphere was
maintained during the superoxide anion radical ("O, ) test by
purging with argon gas (Ar).

2.5. Catalyst reusability

The consecutive cyclic reuses of the catalysts were carried out in
a recycling test.** In this test, the catalyst C-dots/TiNR was
examined. When the experiment was complete, the solution
was centrifuged, filtered and washed with DI water to obtain the
catalysts and dried at 80 °C for 12 h. The recovered catalysts
were used for the degradation of MO solution.

2.6. Mineralization

In this experiment, 50 mL of the MO solution was added into
a beaker, the solution was maintained at pH 4, and 10 mg of
catalyst was added. The photocatalytic degradation experiment
was performed after the beaker was kept in the dark for 40 min.
The photocatalytic reaction in one reactor was terminated after
0 min, 20 min, 40 min, 60 min, 90 min, 120 min, and 150 min.
The solid catalyst in the system was removed by centrifugation,
and the liquid was placed in a TOC analyzer to measure the
TOC. The mineralization rate was evaluated using the following
equation:*

(TOC), — (TOC),

Mineralisation (%) = 100 x ==k Sr )

Ambient temp. (°C) Solution temp. (°C) Humidity (%)

Solar intensity” (W m™?)

wind speed (km h™") Wind direction

38.8 27 40

480 10 NE

“ The solar intensity was measured for the direct sunlight from 1100 h to 1400 h during the experiment.
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where, (TOC), is the initial TOC value of the solution (mg L"),
and (TOC), is the TOC value of the solution at treatment time ¢

(mgL™).

3. Result and discussion

3.1. FESEM morphology and XRD pattern

Fig. 1A and B shows the representative topography of the as-
prepared TiNR before and after calcination (Fig. 1B). The non-
calcined (air dried at room temperature) materials exhibited
small cubes to elongated rod shapes with the length of
~0.96 nm. It was clear that the thermal treatment transformed
the cubic structure to rod shapes with different orientations.
The composite of C-dots with TiO, nanorods is depicted in
Fig. 1C and D. The image showed the strong adhesion of C-dots
on to the periphery of the nanorods (see the red circle). The
flake-like structure indicates that the residual formation of the
carbon precursor took place.

The corresponding XRD pattern of obtained TiNR and C-
dots/TiNR compared with JCPDS card no. 21-1272 for anatase
and 21-1276 for rutile are shown in Fig. 1E. A strong peak was
observed at 36.11° (103), denoting the presence of an anatase
phase, while similar prominent peaks at 27.44° (110), 41.18°

C-DoUTIiNR
# Rutile TINR
=
2
k) )
=
#
g i # *
= g = =
A Sl € = (@
A LA._M.__/-
L] L) L L)
20 30 40 50 60 70

2 Theta (degree)

Fig. 1 FESEM image of (A) nucleation of TiNR, (B) final structure of
TiNR, (C and D) C-dots/TiNR [red circle shows the C-dots/TiNR] and
(E) crystallographic pattern of (a) TiNRs and (b) C-dots/TiNR.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(111) and 54.27° (211) are attributed to the rutile phase. The
crystallographic peaks of TiNR imply the existence of an anatase
and rutile mixed phase. However, the C-dots/TiNR shows
a zigzag pattern, resulting in the superimposed positions of
anatase onto rutile at 43° onwards. A broad sharp peak at 22.59°
(marked with $) of the (103) plane, indicates an amorphous
phase is present in the composite (Fig. 1E) and confirms the
presence of C-dots in the composite.®*

Using the Williamson-Hall method, one can calculate the
average crystallite size and the strain:*

50050:1%+nsin0 (3)

where, ( is the full width at half maximum of the high intensity
diffraction peaks, 7 is strain, L is the crystallite size, 4 is the X-
ray wavelength and K is the shape factor (0.9).

The average crystallite grain size was estimated using Debye-
Scherrer's equation as follows:****

b= (5 g?s 0) (4)

where, D is the average crystallite size, K is a constant (0.9), A is
the X-ray wavelength, ¢ is the corrected full width at half
maximum (FWHM) of the high intensity peaks.

The intercept on the Y-axis and the slope of a linearly fitted
plot between @ cos # and sin 6 (size-strain plot) is shown in
Fig. S1.f The different intensity peaks as recorded in the
diffraction pattern gives the crystallite strain with respect to the
FWHM intensities. The average crystallite size and strain were
found to be 42.43 nm and 0.0033, respectively, while the Debye-
Scherrer's equation calculated the size to be 24.80 nm. It is
obvious that there is a clear deviation in the calculated grain
size of C-dots/TiNR. The former method includes all the ob-
tained crystallographic peaks whereas the latter adopts only the
highest intensity diffraction peaks, which may lead to an
underestimated crystallite size.*® Also, the crystallographic
structure of the composite was revealed through the obtained
Williamson-Hall (W-H) plot. The deformation of the crystal
structure including the influence of all the grains appears in the
material. A lower strain indicates that the composite has a non-
deformative nature and good structural stability.?”

3.2. XPS analysis

The chemical composition and electronic state of the as-
synthesized composite is shown in Fig. 2. The full survey
spectrum (Fig. 2A) showed the presence of carbon, oxygen, and
titanium. To further investigate the carbon states in the
composite, the C1s spectrum (Fig. 2B) revealed the presence of
two components at a binding energy of 285.8 eV and 289.79 eV,
respectively. The major broad peak at 285.8 eV is typically
assigned to contaminant hydrocarbons (C-C).*® The analysis
showed two signature peaks for Ti species at 459.2 eV (Ti2ps/)
and 465.1 eV (Ti2p,.,), as displayed in Fig. 2C. The reported
typical binding energy for Ti2p;,in the titanium crystal ranges
between 458.5 and 459.7 eV.** A redshift was observed in the
binding energy of the Ti2p;, peak of C-dot/TiNR, which
occurred due to the formation of Ti** species.*® The Ti2p,/, peak

RSC Adv, 2020, 10, 19490-19500 | 19493
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Fig. 2 XPS spectra of C-dots/TiNR. (A) Survey spectrum, (B) Cls, (C)
Ti2p and (D) O1s.

is much broader than Ti2p;, and confirmed the presence of
hydrophilic groups on the surface of the C-dots, resulting in the
good water solubility.**~*

The deconvolution of the O1s spectrum is presented in
Fig. 2D. The binding energies of the components were 530.65 eV
and 533.24 eV, which are associated with (Ti*'~0) and adsorbed
H,O0, which is in good agreement with the literature.** Also, the
component at 531.80 eV was unambiguously assigned to
oxygen-bonded Ti**.*

3.3. FTIR analysis and Raman spectroscopy

Fig. 3A shows the FTIR spectra of C-dots and C-dots/TiNR.
Features in the region of 3200-3400 cm ™" and a sharp peak at
1630 cm™ '(Ti-OH) appearing in C-dots and C-dots/TiNR are due
to the adsorbed OH groups on the surface of the composite.*®
Moreover, a sharp peak observed in C-dots at 2360 cm™ ' was
abruptly shifted to 2519 cm™" in the case of C-dots/TiNR. The
occurrence was due to the geometrical changes experienced by
the nanorods upon the inclusion of C-dots. The peak for -CH; at
1368 cm™ ' represents the Ti-O modes present in C-dots/TiNR,
whereas it was completely absent in the C-dots.”” The peak at
1040 cm ™' for C-O stretching represents the presence of
anhydride compounds in the C-dots/TiNR composites.

Raman analysis was carried out in the range of 100-
1800 cm™'to further elucidate the phases present in C-dots/
TiNR and is shown in Fig. 3B. Curve fitting was done in order
to have proper alignment among the peaks. The features at
444 cm™ " and 609 cm ™" correspond to the rutile phase, which is
thermodynamically stable.*®* A strong intensity feature at
252 cm™ ' appeared due to O-O interactions, based on residual
valence electrons.” Generally, anatase TiO, has six Raman
active modes (A, + 2B, + 3E,) L.e., the peak at 197 cm ™' Ey4(1),
312 cm™ ' E,4(2), caused by the symmetric stretching vibrations
of oxygen atoms in the O-Ti-O bond, 636 cm ™" E,4(3), 398 cm ™"
Bi(1), 520 cm ' Ay, and 520 cm ' By, (2), which were

19494 | RSC Adv, 2020, 10, 19490-19500
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Fig. 3 (A) FTIR spectra of C-dots and C-dots/TiNR and (B) Raman

spectra of the TINR and C-dots/TiNR.

consistent with the present modes.**** The D (disordered) and
G (graphitic phase of carbon) band occurring at 1352 cm ™" and
1610 cm™ " are associated with sp* and sp® hybridized carbon
atoms, respectively. The existence of both the bands confirms
the presence of C-dots.*> Here the Ip/Ig = 0.98 expresses the
degree of functionalization of carbon nanomaterial that was
reduced by the addition of C-dots, showing the increased
graphite content.****** The obtained ratio confirmed the
successful functionalization of the C-dots on to TiNR.

3.4. UV-vis-DRS spectroscopy and PL spectroscopy

To gain further understanding of the photocatalytic mecha-
nism, the light absorption properties and charge transfer
separation of samples were studied. The samples were analyzed
by UV-vis absorption spectroscopy and the obtained spectrum is
reported Fig. 4A. The C-dots sample shows an absorbance edge
at ca. 300 nm, corresponding to the characteristic band gap of
TiO, (3.0 eV) and was blueshifted with respect to TiNR. Whereas
TiNR exhibited a wide range of absorbance towards the visible
region (redshift), the composite with C-dots enhanced the
absorbance significantly. Thus, the composite showed an
extended absorption up to 600 nm. The existence of sp” clusters
within C-dots along with a carbon-oxygen sp® matrix might

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) UV-visible absorption spectra of C-dot, TiNR and C-dot/

TiNR, (B) band gap calculated from the Tauc plots for C-dot/TiNR and
TiNR (C) photoluminescence spectra of TiNR and C-dots/TiNR excited
(Aex) @t 300 Nm.

yield a bandgap (E,) that is consistent with the localization of
electron-hole pairs observed in the photoluminescence prop-
erties.® In Fig. 4B, (ahv)?® is plotted against v, and the band gap
energies were estimated by the Kubelka-Munk (K-M) eqn (5)-

(7).57

(F(R)w)"? = B(hv — Ey) (5)
_ (1R
F(Rx) = IR, (6)
_ Rsample
R = Rslandird (7)

where R, is the reflectance of an infinitely thick specimen;
Rgtandara 18 the reflectance of TiO,; Reampie is the reflectance of
the catalyst; 7 is the Planck constant; » is the photon's
frequency; B is a constant; E, is the band gap energy. As shown
in Fig. 4A and B, when the method was used directly, the
intersection point of the linear fit and the x-axis gave the E,
values. The calculated band gap was found to be 2.49 eV, which
is compared with the nominal band gap of standard TiO, (~3.2
eV). This reduction in the band gap occurs due to introduction
of C-dots.*®

Fig. 4C depicts the obtained photoluminescence (PL) spectra
of the composite that reveals the electron-hole (¢ /h*) mobility
and its transfer onto the surface of metal oxides. Generally, it is
well-known that the intensity of luminescence is directly
proportional to the rate of the recombination of charge
carriers.* The as-obtained samples were excited at 300 nm. The
spectrum was normalized among the wavelength vs. intensity to
compare it with the sub-wavelength. PL contributions below the
optical band gap are associated with electron-hole recombina-
tion in the presence of surface oxygen vacancies and defects.*
In the present investigation, it was found that the peak at
380 nm (~3.2 eV) is due to the self-trapped interfacial electrons
on the TiNR surface, which is featured in the visible region. On
the other hand, a slight decrease in this feature was observed in

This journal is © The Royal Society of Chemistry 2020
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the C-dots/TiNR, suggesting the efficient charge transfer
occurred due to the C-dots. Moreover, the PL intensity of the C-
dots/TiNR composites dampened effectively, compared with
that for TiNR.®* Also, the chemical environment of Ti in the C-
dots/TiNR was changed due to the strong interaction between
the TiNR and C-dots, which results in the formation of Ti-O-C
bonds. Hence, it can be concluded that the coupling of C-dots
with TiNR is through the formation of Ti-O-C bonds.** This
analysis indicated that the prepared C-dots/TiNR should exhibit
improved physical properties suitable for enhanced photo-
catalytic activity.

3.5. Photocatalytic degradation of methyl orange

The solar photocatalytic activity of C-dots/TiNR nanoparticles
was evaluated by degrading methyl orange (MO) and is shown in
Fig. 5A and B. Fig. 5C and D show the obtained UV-vis spectra of
the MO during the photocatalytic reaction. The composite
exhibited the highest degradation of MO as compared to that of
TiNR. The highest activity of the composite was attributed to the
enhanced visible light utilization and low recombination of the
charge carriers.®® The C-dots absorb visible light, and then emit
at a shorter wavelength light (325-425 nm), which was utilized
in the photocatalytic activity.***

The dark reaction showed that almost all the mixtures
reached adsorption equilibrium within 60 min. The kinetic
parameters of the photocatalytic degradation of MO are in
accordance with the pseudo-first order reaction kinetics and
were obtained using the following equation:

In(Cy/C)) = —kt (8)

where C, is the initial concentration at which the MO solution is
adsorbed and equilibrated; C, is the concentration of the solu-
tion at time ¢; k is the reaction rate constant in min—*. The value
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Fig. 5 Photocatalytic MO degradation under direct sunlight (A) plot of
C¢/Co vs. irradiation time, (B) In(C,/Cy) vs. irradiation time, (C) TiNR and
(D) C-dots/TiNR.
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of k is thus calculated from the slope of a plot of In(C,/C,) versus
t. The half-life time of the sample was calculated as:*
In2 _ 0.693

S ©)

It was found that the MO degradation rate (min~") by C-dot/
TiNR is about 2.3 times that of TiNR, which further indicates
that the introduction of C-dots improves the photocatalytic
activity. The calculated half-life time is presented in Table 2,
where the TiNR (solo) had a prolonged time of 92.15 min while
the composite shortened the time by 51.93 min. The photo-
catalytic degradation of MO as observed from Fig. 5A shows that
78% of MO was degraded in 180 min by TiNR, whereas 93.36%
MO was degraded by C-dots/TiNR in 150 min (Fig. 5B). In the
inception phase, both the materials had an almost similar
degradation percentage (35.15% for the solo TiNR and 32.98%
for the composite) but as soon as the time increased, the
composite dominated over the solo (63.36%) and reached
a degradation percentage of 82.75% at the end of 2 h. At the end
of 150 min, the MO degradation achieved a maximum of
93.36% by the composite while the solo TiNR took 3 h to reach
a maximum degradation of 78%. This escalation in the degra-
dation is attributed to the presence of C-dots, which signifi-
cantly interacted with TiNR to enhance the absorption of visible
light and suppress the recombination of charge carriers. Also,
the control experiment clearly proved that the degradation of
MO was attributed to the as-synthesized materials where the
photolysis phenomenon was insignificant (~5.8%).

Fig. 5D shows the kinetic plot for the observed MO degra-
dation with a pseudo-first order model. It was fit well by first
order kinetics and under this condition the rate constant (k)
was 0.00752 min~' and 0.01723 min ', respectively. The
aromatic MO absorbs at 465 nm. Fig. 5C and D shows the MO
absorbance over the degradation process. At each time interval,
there is a clear decrease in the absorbance intensity, which
verifies the degradation of the studied MO with an identical
trend. The absorbance trend of the MO has a rising and falling
pattern. The rising trend is attributed to the presence of poly-
aromatic rings present in MO where it starts to degrade,
creating a mono-substituted aromatic that increases in inten-
sity (300 > A < 465). After 465 nm, it starts to decrease and
similarly was observed in the band between 300 > A < 350. Thus,
this strongly indicates that the mineralization of MO to its final
non-toxic form goes through a systematic pathway.®”*® In
general, the concentration of the charge carriers is directly
proportional to the amount of incident photons at a specific
wavelength (visible light). Since the synthesized material is

Table 2 Calculated kinetics parameter on MO by solar photo
degradation

Photocatalyst Model k (min™") R t17» (min)
TiNR First-order 0.00752 0.97915 92.154
C-Dots/TiNR First-order 0.01723 0.93137 40.220
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more susceptible to visible light rather than IR and NIR, most of
the generation of charge carriers was attributed to visible light.
Further, the quantum yield from the visible light is significantly
less since only ~42% of the solar light fraction could be utilized
by the materials while the majority is unutilized. This cumula-
tive phenomenon could contribute to a comparatively lesser
efficiency of the composite. However, the performance of the
composite was appreciable when compared with similar mate-
rials synthesized by other groups and is tabulated in Table 3.

3.6. Detection of reactive oxidative species

The role of charge carriers in the MO degradation by C-dot/TiNR
was studied through charge trapping experiments using stan-
dard chemicals as scavengers and is presented in Fig. 6A and B.
The results further substantiated the insignificant photolysis
ability of MO under direct solar irradiation in the absence of
catalysts. Further, the role of charge carriers is revealed, with
superoxide ('O, ) being the dominant among them all with
a maximum formation by utilizing the electrons of the CB.
Specifically, the photocatalytic activity of C-dots/TiNR was
significantly suppressed under an inert atmosphere, indicating
that the 'O,  radicals originated strictly from the dissolved
oxygen (namely, eqn (12)). Simultaneously, a good performance
(52.78%) was also reported for IPA suggesting the role of ‘OH
radical on degrading MO. It is obvious that "OH radicals were
formed by holes reacting with hydroxyl anions (eqn (13)).
However, a small amount of such radicals was also formed by
a series of reactions triggered by the electrons on water mole-
cules (eqn (10)-(17)). Notably, compared with IPA quencher and
inert gas purging, MeOH as the scavenger of h" had a weaker
influence on the whole photodegradation reaction because the
corresponding degradation ratio of MO exhibited a lesser
degradation (26.12%), implying that the direct h* oxidation
could not contribute to the whole photocatalytic process. To
some extent, it can be interpreted that the photogenerated VB
holes are primarily involved in the formation of ‘OH radicals
(eqn (13) and (17)). The contribution of these active species for
MO degradation followed a sequence of "0, > 'OH > h*. The
dominant role of superoxide and significant role of holes and
'OH clearly clarifies the weaker recombination of the charge
carriers ie., electrons with holes. It is well-established that the
C-dots played a crucial role in prolonging the lifetime of the
charge carriers.

3.7. Recycle test and TOC analysis

The solar photocatalytic degradation efficiency of C-dots/TiNR
for five cycles was calculated and presented in Fig. S3.T The
degradation was 92%, 89%, 83%, 78% and 76%, respectively,
indicating that the as-synthesized composite possesses stability
and reusability. One can observe that there is a significant
decline in the degradation% after the 2™® cycle, which was
attributed to the solar irradiation intensity on that specific day
L.e., all the studies were not able to be carried out on the same
day. Hence, it would be difficult to conclude that the associated
surface phenomena were involved in the decline of the effi-
ciency. Overall it is evident that the as-synthesized composite

This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison of present study with the literature for MO degradation utilizing various TiO,-based photocatalyst®

Photocatalyst Degradation (%)/time Source Ref.
Ag-Mo0;-TiO, 97/300 min Sunlight 69
Nd-TiO,-SBA-15 94.1/140 min Xenon lamp 32
SnS,/TiO, 90.9/50 min Xenon arc lamp 70
Anatase TiO, 67.12/240min Xenon lamp 71
ZSM-5/Zn0O/Ag 90/120 min UV lamp 72
NiO:V,05 88/70 min Sunlight 73
Cu-TiO,/ZnO 83/60 min Xenon lamp 74
Fe,0;/TiO, 98/60 min Xenon 75
C-TiO, 91.89/240 min Xenon 76
Y**-TiO, 99.8/70 min HP mercury lamp 77
TiO,/T-shirt 98.6/30 min Sunlight 78
Au/TiO, 99/180min HP xenon lamp 79
TiO, nanorods 51/150 min Mercury lamp 43
C-Dots/TiNR 93.3/150 min Sunlight Present study

“ The physical change in the degradation of MO is shown in Fig. S2 A and B. The fading of color from orange to colorless clearly validates its

potential degradation rate.

A
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Scavengers  No Scavenger BQ/*0:~ IPA/ «OH MeOH/ b~
Residual MO 94.2% 20.05% 41.42% 68.08%
Concentration
Fig. 6 (A) Radical species trapping experiments of photocatalytic

degradation of MO over C-dots/TiNR under direct sunlight for 2 h and
(B) the corresponding residual MO present.

had robust stability with prolonged reusability. The solar pho-
tocatalytic study on MO presented in Fig. S27t is a bulk analysis
where the decolorization was linked to the degradation. In order
to overcome the uncertainty, a total organic carbon (TOC)
analysis was carried out for the composite and is presented in
Fig. S4.1 The TOC removal rate (mineralization) of MO was in
the increasing order of 18%, 27%, 44%, 58%, 65% and 74%
within the reaction time of 150 min. This indicates that the

This journal is © The Royal Society of Chemistry 2020

reactive species were actively involved in mineralizing MO. The
rate at which the MO was mineralized substantiates the lower
formation of the intermediates and ultimate formation to CO,.

3.8. Mechanism

From the studied materials, photocatalysis and scavenging
analyses, a mechanism is proposed and illustrated in Scheme 2.
The C-dots/TiNR acts as a catalyst for generating charge carriers
(e~/h*) under solar irradiation. The accumulated holes in the VB
of TINR with a more positive potential and electrons in the CB of
C-dots with a more negative potential have a stronger oxidation
and reduction capability to produce the active radicals. Here, C-
dots mainly act as the electron reservoir, which helps reduce the
recombination rate. The electrons present in the CB of C-dots
get transferred to the CB of TiNR when it is under illumina-
tion. The formation of Ti-O-C bonds in the composite shifted
the valence band (VB) edge upwards, resulting in a narrower

C-Dot/TiNR H20

TiNR

o1

Scheme 2 Schematic showing the interaction of C-dots with TiNR.
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band gap. Further, these single covalent bonds act as
a conductive conduit for charge carriers.* In more detail, the
charge carriers react with the adsorbed O, present on the
surface of C-dots/TiNR and result in superoxide anions. These
superoxide anions further form hydroxyl radicals in the reaction
with holes. The adsorbed O, combines with electrons and holes
and forms hydrogen peroxide, which further dissociates into
hydroxyl radicals and hydroxyl ions. Thus, the generated reac-
tive species contribute to the degradation of MO.

C-dots/TiNR + iy — C-dots/TiNR + hw(h* +¢") (10)
MO + hv - MO*" + ¢~ (11)

Oy+e =0y (12)

OH +h" —» OH" (13)

0, +2H" +2¢~ — H,0, (14)

H,0, + ¢ — OH" + OH" (15)

OH' + MO — products (16)

h*/0,~" + MO — photodegradation products 17)

Typically, the excited electron-hole would recombine at the
interface of C-dots/TiNR. However, the mobilization of elec-
trons from the CB of C-dots to the CB of TiNR allows for an
excess availability of electrons, which overcomes the recombi-
nation phenomenon. This was also evident from the PL inten-
sity, which suggested that the composite had a higher
recombination rate of photogenerated electron-hole pairs. In
spite of the higher recombination rate, the photocatalytic rate
was high for the composite, which was consistent with the
mobilization of the electrons from the C-dots.

4. Conclusion

C-Dots/TiNR was successfully synthesized by a two-step hydro-
thermal method with a good adhesion of C-dots on the TiNR
surface. The various materials analyses demonstrated the
robust photoharvesting ability of the prepared composite. The
utilization of melon rind shows the robustness of a green
carbon precursor source compared to conventional chemicals.
The photocatalytic studies establish the ability of the composite
to easily assimilate into complex water pollutant removal
systems. Further, the role played by the ROS was demonstrated
clearly while recycling tests proved the stability and durability of
the composite. The study suggested that C-dots/TiNR can act as
a potential long-lasting and cheaper photocatalyst towards
water treatment applications.
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