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ABSTRACT

Here, we report the photocatalytic oxidation (PCO) of o-xylene on carbon quantum dots (CQDs) modified TiO,
nanoparticles. The results demonstrated that with 1 wt% CQDs loading, 87 % of o-xylene (50 ppm) can be
photodegraded, which is 55.3 % higher than pure TiO, (56 %) under UV/visible light. This improved photo-
catalytic activity is associated with the important role of CQDs on TiO, surface, which increased the o-xylene
adsorption and facilitated the photogenerated hole-electron separation process. Also, the 1 wt%CQDs/TiO,
nanocomposite showed photocatalytic activity in the visible region (A > 400 nm) compared to pure TiO, (in-
active). The DFT study revealed that o-xylene strongly adsorb on TiO, (001) surface than (101) through =
electrons of the aromatic ring. The in situ DRIFTS study showed that free OH groups on the photocatalyst surface
could act as effective Lewis sides for the o-xylene adsorption. The interaction of i electrons of the aromatic ring
and isolated OH groups was also observed. The FTIR peaks for CO, increased in the case of CQDs/TiO, nano-
composite contrasted to pure TiO,, which suggested that the presence of CQDs improved the mineralization
potency of TiO,. These findings should affect the quest for a better photocatalyst to photodegrade VOCs.

1. Introduction

isomers (ortho, meta, para-xylene) are delivered to the atmosphere via
natural and industrial operations (Yang et al., 2019; Sui et al., 2017).

The major component of indoor air pollution is a low boiling point Xylene is used as a solvent and cleaning agent in different industrial
(=250°C) volatile organic compounds (VOCs) (Liu et al., 2019; Fu sectors. The xylene derivatives might cause acute, i.e., eye-nose-throat
et al., 2019). Amongst the typical VOCs, a substantial amount of xylene (ENT), neurological, and chronic effects in humans, including
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headache, dizziness, kidney and coronary disease, exhaustion, and in-
coordination. Therefore, it is critical to manage and eliminate o-xylene
in the indoor air environment. Consequently, efforts have been reported
to control VOCs in the atmosphere, such as adsorption (Sun et al.,
2014), catalytic combustion (Hu et al., 2018a), advanced oxidation (Liu
et al., 2017), electrochemical (Lei et al., 2019), and photocatalytic
methods (Dai et al., 2018). The application of these procedures is
limited because of the large energy consumption and low efficiency for
large scale implementation. On the other hand, the photocatalytic
oxidation (PCO) of VOCs using metal oxides based semiconductor
materials, for example, TiO,, Co304, a-Fe;03, CuO, Bi;,WOg, CeO,/
LaMnO; provide opportunities to harness solar light, an inexpensive
source of energy (Rao et al., 2019; Shi et al., 2018; Li et al., 2019).

Anatase TiO, (E; =3.2 eV) is a potential material for photocatalytic
applications because of its stability, abundance, non-toxicity, and su-
perior optical properties (Liu et al., 2018). However, the fast re-
combination of photogenerated hole-electron pairs limits the photo-
catalytic performance of TiO,. Additionally, pure TiO5 can only use
light within the ultraviolet region (A < 400 nm), which constitute 5 %
of the solar spectrum, while 45 % of the solar spectrum is the visible
region (Uzer et al., 2019). Along these lines, strategies have been
adopted to promote the charge separation process, for example, im-
purity doping in TiO, crystal lattice (Umek et al., 2014), self-doping
using Ti®* (Zhang et al., 2014a), making composite frameworks along
with other metal oxides and two-dimensional materials, including
graphene and MoS, (Lu et al., 2013; He et al.,, 2019), and surface
modification through metals (i.e., Pt, Rh, Au) deposition (Ohyama
et al., 2011). The distinctive facets of TiO, NPs show significant var-
iations in the atomic arraignments and surface energy, which affects the
surface-catalyzed reactions (Li et al., 2015). For example, TiO, NPs
preferentially grow along with low surface energy (0.43J/m?) (101)
planes under normal growth conditions. However, the high energy
(0.9J/m?) facets {001} are more reactive for the PCO process. TiOy
{001} facets contain under-coordinated titanium and oxygen atoms
such as the five-fold and two-fold coordinated Ti (Tis.) and oxygen
atoms (Oy,), respectively. In contrast, the TiO, {101} facets exhibit 100
% six-fold coordinated Ti (Tie.) and three-fold oxygen (Os.) atoms
(Mahmood et al., 2019). The under-coordinated Tis. and O, play a
significant role in the PCO process. Interestingly, these facets help in the
separation of photoinduced hole-electron pairs (Kashiwaya et al.,
2018). For example, the experimental evidence suggested that electrons
predominantly transfer to the {101} facets, while holes migrate to the
{001} facets. Based on these results, we can infer that (101) surface
provides reducing sites while (001) surface provides oxidation sites.
Therefore, because of the strong photooxidation potency of (001) sur-
face, TiO, NPs with dominant {001} facets are much favored for the
photocatalytic oxidation of VOCs.

Recently, zero-dimensional carbon quantum dots (CQDs) were used
to sensitize TiO, for the antibacterial and photocatalytic applications
(Liang et al., 2019). The CQDs have shown exceptional optical and
electrical properties than its counterparts, such as graphene oxide and
carbon nanotubes (CNTs). The CQDs are synthesized by simple synth-
esis routes, exhibiting excellent charge trapping potential and shape-
dependent optical properties that make it useful for the photocatalysis
(Laurenti et al., 2016). Unfortunately, the published literature is prac-
tically empty on the use of CQDs and TiO, composites in the photo-
degradation of gas-phase VOCs. Most of the scientific studies report
only the photocatalytic activities in the liquid phase and applications in
the energy direction (Liang et al., 2019; Li et al., 2017a). However, our
group recently examined the photodegradation of acetaldehyde using
CQDs/TiO, composites, and they accomplished some good results (Hu
et al., 2018b). These results are encouraging to further investigate the
potential of CQDs based TiO, nanocomposites for the photodegradation
of gas-phase VOCs.

Considering the above, we report the photocatalytic degradation of
o-xylene using CQDs decorated TiO, NPs with dominant {001} facets.
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Particularly, the CQDs/TiO, NPs showed high photocatalytic activity
for the photodegradation of o-xylene in the UV /visible region than pure
TiO,. The CQDs/TiO, showed significant photocatalytic activity in the
visible region, where pure TiO, was inactive. The in situ DRIFTS
spectroscopy was further used to identify the intermediates in the
photodegradation reaction. Also, we used the DFT study to grasp the
adsorption mechanism of o-xylene on TiO, {001} and {101} facets.
Similarly, we calculated the partial density of states (PDOS) and elec-
tron density difference (EDD) to differentiate the facet dependent be-
havior of TiO, NPs. These results are useful to develop a potential
photocatalyst for the photodegradation of VOCs.

2. Materials and method
2.1. Synthesis of TiO,

The starting materials, including titanium butoxide (C;¢H3604Ti; 97
%), sodium hydroxide (NaOH), 40 % aqueous solution of hydrogen
fluoride (HF), and citric acid (HOC(COOH)(CH,COOH),; = 99.5 %)
were received from Sigma-Aldrich. The solvents used are absolute
ethanol and deionized water (p =18.2 MQ2 cm) purified through a Milli-
Q Advantage A10 water purification system (Burlington, USA). A hy-
drothermal method was used to synthesize TiO, NPs with exposed
{001} facets according to the previously reported method with little
modifications (Shi et al., 2019). We employed strong acidic conditions
to grow TiO, NPs with dominant {001} facets (Pan et al., 2011). In-
itially, 25 mL of C;6H3604Ti and 10 mL of HF were taken in a dry Teflon
lying autoclave reactor. The reactor was firmly sealed and further en-
closed in a steel reactor. The reactor was transferred to an electric
furnace and kept at 200 °C for 24 h. Finally, the reactor was naturally
cooled down to room temperature. The as-prepared powders were
centrifuged and washed several times with deionized water. Next, the
powders were dispersed in 0.1 M NaOH solution for 24 h to remove the
surface fluoride ions. Finally, the powders were washed with deionized
water and absolute ethanol and subsequently dried in an oven at 90 °C.

2.2. Synthesis of CQDs

CQDs were synthesized by the citrate decomposition method
(Martindale et al., 2015). In a typical reaction, we treated 40 g of citric
acid in a beaker at 180 °C for 40 h. An extended time frame is required
to eliminate the undesirable residual organic matter. A dark orange-
brown viscous mass (18 g) was achieved, which was cautiously dis-
solved in 5M NaOH solution to reach the desired pH = 7. The as-pre-
pared solution was freeze-dried to achieve CQDs powder and also to
preserve the chemical structure.

2.3. Synthesis of CQDs of TiO, composites

The CQDs and TiO, composites were processed using the impreg-
nation method. Typically, 1g of TiO, NPs were dispersed in 20 mL
(5 mL ethanol/15 mL water) solution of CQDs (0.01 g). The as-prepared
solution was sonicated (2h) and stirred (12h) to produce a homo-
geneous mixture. Finally, the solution was slowly evaporated at 70 °C.
The dried powder was further mill-mixed in a mortar and pestle.
Finally, the mixture was calcined at different temperatures, for ex-
ample, 100, 150, 200, and 300 °C. The sample calcined at 200 °C
showed a high photocatalytic activity contrasted to other compositions;
thus, we calcined the rest of the samples at 200 °C.

2.4. Characterization

The XRD study was used to identify the phase purity utilizing
(Ultima IV 2036E102, Rigaku Corporation, Japan) X-ray diffractometer
(Cu Kg1, (0.15406 nm)). The Perkin Elmer Lambda 950 UV/vis/NIR
Spectrophotometer was used for the light absorption studies. A field-
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emission scanning electron microscope (JEOL JSM-6700 F) was used to
study particle morphology. HRTEM images were obtained using a high-
resolution TEM JEOL 2100 with a LaB6 source operating at an accel-
eration voltage of 200kV. Images were recorded on a Gatan Orius
charge-coupled device. The powder was dropped-casted onto a 400 Cu
mesh lacy carbon film grid (Agar Scientific Ltd.) for TEM analysis. The
electron spin resonance signals (ESR) of the radicals were recorded
using a model JES-FA200 spectrometer using 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as a radical’s trapper. The photoluminescence spectra
analysis was carried out using an Edinburg FL/FS900 spectrometer with
an excitation wavelength of 320 nm.

2.5. Adsorption capacity and photocatalytic activity

The photocatalytic degradation reaction of gaseous o-xylene was
performed in an automated gas flow reactor (Fig. S1) operating at room
temperature. The catalyst samples were prepared by milling the sample
powder (0.1 g) in 10 mL ethanol for 20 min. The as-prepared slurry was
coated on a glass substrate (16 X 13 cm) and eventually dried in an
oven (80 °C for 2h). The sample films were further transferred to the
reaction chamber. At first, the o-xylene (50 ppm) was flown through the
chamber in the dark at a constant flow rate (20 sccm) to achieve the
adsorption-desorption equilibrium. The adsorption efficiency (E) of the
sample gases, as well as the blank chamber, was calculated using Egs.
(1) and (2).

Ecatalyst = {[‘/0" v (1- C/Co)dt] /[./;’ vx(1- C/CO)dt:Iblank}

x 100% (@)

~t t
(Eblmk - {[ [vxa- C/Co)dt]blank/[ Loxa- C/Co)dt]blank}

X 100% = 100%)

catalyst

(2)

Where Cy and C are initial gas concentration, different time interval
flow rate is v, and t is the time interval of reaction. When the adsorp-
tion-desorption equilibrium was achieved, the samples were irradiated
using a 400 W xenon lamp with an illumination density of 80 mW/cm?>
measured with THORLABS GmbH (PM100D; S314C detector) as the
radiation source. We studied the photodegradation efficiency of TiO,
NPs for acetaldehyde was studied with different flow rates under con-
tinuous irradiation. Based on these experiments, the conversion effi-
ciency (@) was calculated as @ = (Co — C)/Cy X 100 %.

2.6. In-situ DRIFTS

The in situ DRIFTS experiments were performed on an FTIR spec-
trometer (FT-IR, Bruker V70) equipped with a Praying Mantis diffuse
reflection accessory from Harrick and an MCT detector. The catalyst in
the DRIFT IR cell was pre-treated in 20 ml/min argon at 300 °C for 1 h.
Subsequently, the background spectrum was recorded and subtracted
from the sample spectrum obtained in the same condition. For the ad-
sorption of o-xylene, the catalysts were exposed to the sample gas
containing compressed air, 50 ppm of o-xylene, to get the time-depen-
dent changes of the DRIFT spectra. A xenon light with an intensity of
500 W was used during the photodegradation of o-xylene.

2.7. Computational details

The adsorption energy, PDOS, and EDD were calculated using DFT
calculations. All the calculations were performed using the Vienna Ab-
initio Simulation Package (VASP) (Kresse and Hafner, 1993; av and
Furthmuller, 1996; Kresse and Furthmuller, 1996). The bulk crystal
lattice of TiO, was relaxed ina 2 X 2 X 2 supercell with a cutoff energy
of 400 eV for the plane-wave expansion. The exchange and correlation
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energy were calculated using generalized gradient approximation
(GGA) provided by Perdew-Burke-Erzhenhof (PBE) (Perdew et al.,
1996). We additionally used the vdW-D correction method such as the
pairwise force field given by Grimme to take into account the van der
Waals forces (Grimme, 2006). The geometrically optimized bulk lattice
was further used to model the desired facets of TiO, including {101}
and {001}. The surface model contains 92 atoms and a vacuum of 20 A
was used to avoid interaction between the self-mirror images in cal-
culations. The surface electronic configurations of the atoms are; Ti:
[Ne] 3s23p®; and O: [He] 25%2p®. Only the top three layers and o-xylene
molecules were allowed to relax during the calculations. The high ad-
sorption energy models were further used for the PDOS and EDD cal-
culations. The adsorption energy (E.4s) was calculated using Eq. (3).

AEads = (EMolecule + ESurface) - EMolecule/Surface (3)

where Epplecule iS the energy of a molecule in the gas phase, Egy;face iS
the slab energy without adsorption and Eyjojecule/surface 1S the energy of
the surface and molecule complex.

3. Results and discussion
3.1. Phase, microstructure, optical, and SSA analysis

Fig. 1a shows the XRD peak profiles of the pure and CQDs/TiO, NPs.
The major peaks identified at 26 = 25.32°, 37.78°, 47.95°, 53.99°,
55.03°, and 62.72° conforming lattice planes (101), (004), (200), (105),
(211), (206), and (116), respectively (JCPDS card no: 21-1272). The
absence of impurity peaks confirmed the development of single phase
anatase TiO, NPs. The corresponding cell parameters of the pure TiO,
were calculated as a = b =3.7987 A and ¢ =9.5214 A. A small varia-
tion in the lattice parameters of CQDs decorated TiO, is observed,
which were calculated as @ = b =3.7904 A and ¢ =9.5325A. These
values are in close agreement with the previously reported values for
anatase TiO, (Shin et al., 2019). The slightest change in the lattice
parameter (a = b = 0.23 %; ¢ = 0.12 %) with CQDs loading can be
associated with additional temperature treatment (200 °C) in the course
of CQDs impregnation. The particle morphology and elemental com-
position were examined using FESEM coupled with EDS. TiO, NPs with
a truncated square-bipyramidal morphology can be viewed (Fig. 1b),
displaying a characteristic growth behavior of anatase TiO, NPs with
dominant {001} facets. The average particle size of TiO, NPs was
measured as 68.2 nm using particle size distribution method (Fig. S2).
The FESEM indicated a dissimilar particle size with well-defined mor-
phology showing a somewhat similar shape. The related elemental
mapping and composition confirmed Ti, O, and C as the main con-
stituents (inset Table in Fig. 1).

Fig. 2a shows the TEM image of pure CQDs. The CQDs exhibited a
spherical morphology. The mean particle diameter was measured as
2.4nm (Fig. 2b). Fig. 2c and d show the TEM and HRTEM images of the
CQDs/TiO5 NPs. The HRTEM additionally validated the FESEM results
in which the TiO, NPs seemed to exhibit truncated square-bipyramidal
morphology. The top surface of the particles is regarded as {001} facet
while the sides of the disks correspond to {101} facets. The lattice
distance for CQDs was measured as 2.4 A. The lattice distance 0.24 nm
and 0.35nm were attributed to anatase (001) and (101) TiO, planes,
respectively. Interestingly, the TiO, particles revealed sharp edges,
which describe the crystal growth of NPs in strong acidic condition and
not the accumulation of small nanosheets. The HRTEM results con-
firmed the formation of desired pure and CQDs decorated TiO, NPs.

The light absorption properties of the pure and CQDs/TiO, NPs are
shown in Fig. 3. The pure TiO, NPs demonstrated an absorption edge
around 400 nm, which has been observed shifted to a high-frequency
region for the CQDs/TiO, NPs indicating a redshift (Fig. 3a). These
results proposed that the absorption of light can be substantially en-
hanced by CQDs impregnation on TiO,. To further analyze charge
transfer and recombination of hole-electron pairs in these samples, PL
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Fig. 1. XRD and microstructure analysis of CQDs decorated TiO, NPs, (a) XRD analysis, (b) FESEM image of TiO, NPs with elemental mapping. The inset Table shows

elemental composition.

studies were carried out at room temperature using an excitation wa-
velength of 320 nm (Fig. 3b). The sample demonstrated a broad lumi-
nescence peak in the range extending from 350 to 550 nm, which
centered around 400 nm. The center peak is caused by the band-band
photoluminescence phenomena, which is related to the light energy
comparable to the bandgap energy of TiO5 (Abdulrazzak et al., 2016).
Furthermore, the intensity of this centered peak significantly decreased

for CQDs/TiO,, indicating an effective charge separation process in
CQDs/TiO, composite than pure TiO,. This behavior can be described
as follows; ideally, the light absorption in the UV /visible region triggers
the transfer of electrons from the VB to CB. There are quite a few
prospects for these energized electrons and holes, which includes re-
combination and trapping in impurity states (Chen et al., 2015). For the
most part, the energized electrons are not consumed and recombine

Fig. 2. (a) Typical TEM of pure CQDs, (b) particle size distribution histogram for pure CQDs, (c) TEM image of CQDs/TiO, NPs, (d) corresponding HRTEM image of

CQDs/TiO5 NPs.
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Fig. 3. Optical properties of TiO, and CQDs/TiO, nanocomposites, (a) UV/visible spectroscopy analysis, (b) PL spectra.

with the positive holes in a short span (nanoseconds). When the CQDs
are available at the surface, the excited electrons further shuttle
through the CQDs structural framework and therefore promote the
charge separation process. Hence, it can be inferred that CQDs on TiO,
surface significantly promoted the charge separation process.

The specific surface area (SSA) and the average pore diameter was
calculated using nitrogen adsorption-desorption isotherm given in
Fig. 4. The results suggested no significant difference in the specific SSA
values. The SSA for the pure and CQDs decorated TiO, was calculated
as 89 and 87 m? g, respectively. Similarly, the average pore diameter
for the pure and CQDs modified TiO, was recorded as 2.049 and
1.600 nm, respectively.

3.2. Dynamic adsorption-desorption and photodegradation

The photodegradation of o-xylene was studied under UV/visible
light illumination to analyze the photocatalytic performance of pure
and CQDs/TiO, NPs (Fig. 5). Fig. 5a and c show the adsorption and
photocatalytic degradation of o-xylene on CQDs/TiO, NPs calcined at
different temperatures, respectively. The variation in calcination tem-
perature during the CQDs impregnation process did affect the adsorp-
tion properties (Fig. 5a). The adsorption peak area was recorded as high
for the composite calcined at 100 °C in contrast to pure TiO,. A further
rise in the calcination temperature improved the adsorption properties
of the composite structures. For instance, the samples calcined at 200
and 300 °C exhibited 49 % and 88 % increase of o-xylene adsorption
when compared with the blank chamber. The percent increase in the
adsorption of CQDs/TiO, samples calcined at different temperatures is
also given in Fig. 5b. The photodegradation curves under UV/visible
illumination is provided in Fig. 5c. No considerable photocatalytic ac-
tivity is recorded in the blank chamber (no catalyst). On the other hand,
TiO, NPs showed an increase in the photodegradation efficiency, which
has been recorded as 56 % (Fig. 5d). Moreover, the photodegradation of
o-xylene was significantly enhanced by CQDs decoration on TiO,. For

example, the samples calcined at 200 °C revealed a higher photo-
catalytic response, exhibiting an efficiency of 87 %. With increasing
calcination temperature, the photodegradation efficiency decreases to
61 % for the sample calcined at 300 °C. The results proposed that 200 °C
is the optimum calcination temperature for producing the CQDs/TiO5
composites by impregnation process showing excellent adsorption and
photocatalytic activity for the gas phase o-xylene photodegradation.

The electron spin resonance (ESR) spectroscopy was further used to
study the production ability of "O,— and "OH radicals (Fig. 6). The ESR
spin trap technique was used to study the production of hydroxyl and
oxygen species in the presence of pure and CQDs/TiO, NPs. The char-
acteristic signals for the pure and CQDs decorated TiO, samples de-
monstrate the DMPO-O,-and DMPO-OH adducts. The composite sam-
ples exhibited sharp signals for "OH species than pure TiO,. Likewise,
pure TiO, showed high "O,- signals compared with the CQDs/TiO,
sample. The transfer of photoinduced electrons are facilitated due to
high conductivity of CQDs, which might trap in the defects of CQDs
sheets. Meanwhile, the hole mobility is prolonged which could produce
high percentage of 'OH radicals in contrast to "O,— radicals. In contrast,
pure TiO, produces more mobile electrons, and consequently, more
'O,- radicals are created. Due to the high "OH radical’s production,
better charge separation, and better light absorbing properties, the
CQDs/TiO, NPs demonstrated a superior photocatalytic activity than
pure TiO,. Additionally, we studied the photodegradation of o-xylene
on pure, and CQDs decorated TiO» NPs in the visible region, using a UV
filter (> 400 nm) (Fig. S3). Interestingly, pure TiO, NPs did not show
activity in the visible region; however, the CQDs decorated TiO, de-
monstrated a significant photodegradation efficiency (23 %) in the
visible region. These results further prove that CQDs significantly im-
prove the light harvesting efficiency of pure TiO,, which is evidenced
by the PL and high photodegradation of o-xylene in the UV/visible
region. Hence, it can be inferred that CQDs sensitized TiO, due to wide
visible absorption capability, which is evident from the optical char-
acterization.

Fig. 4. (a) Nitrogen adsorption—desorption isotherm and (b) corresponding pore size distribution curves of pure and CQDs impregnated TiO,.



A. Mahmood, et al.

Journal of Hazardous Materials 386 (2020) 121962

Fig. 5. (a) Adsorption and (c) photodegradation of o-xylene in the presence and absence of catalysts. The corresponding (b) percent adsorption, (d) conversion

efficiency of o-xylene on pure and CQDs decorated TiO, NPs.

3.3. Computational analysis

We further studied the adsorption mechanism of o-xylene on pure
TiO, using DFT calculations. Because of the structural intricacy of
CQDs, only pure TiO, surface models are chosen to comprehend the
adsorption mechanism of o-xylene. Since TiO, NPs exhibit two domi-
nant facets including {101} and {001} in the XRD and HRTEM results,
therefore, each facet was set up as a model in the DFT calculations.
Before o-xylene adsorption, the desired surfaces of TiO, were relaxed
(Fig. S4). The TiO, facets cleaved along (101) and (001) planes expose
unique atomic arrangement on the surface. It is reported that TiO,
{001} facet is photocatalytically more active due to the presence of
undercoordinated five-folded Ti atoms (Ts.) and two-fold oxygen atoms
(020 on the surface (Sun and Zhang, 2016). On the other hand, the
surface Ti (Tig.) and O (O3.) atoms of TiO, {101} facet is fully co-
ordinated, which deteriorate its reactivity. The top Ti—O bond length
was measured as 1.827 A while oxygen atom bonded to a bit lower
titanium atom displayed an increasing bond distance of 1.864 A in TiO,
{101}. In the case of TiO, {001}, the Ti—O bond length was calculated
as 1.951 A. The geometrically optimized o-xylene molecule is shown in

Fig. S4 with corresponding bond lengths. We analyzed the adsorption of
o-xylene on TiO, (101) surface using different adsorption configura-
tions (Fig. S5). The o-xylene molecule can interact with TiO, surface
through the aromatic ring, hydrogen atoms of the ring, and the methyl
groups. The calculated adsorption energies are given in Table 1. The
low E,g4s for various adsorption complexes, including T101A, T101B,
T101C, and T101D suggested a poor interaction. Among the various
configurations of o-xylene on TiO, (101), a high adsorption value was
calculated for T101D, in which the aromatic ring oriented parallel on
the surface and positioned above the surface oxygen. As a consequence
of small E,4s values, it can be inferred that o-xylene only weakly binds
on TiO, (101) surface. The related bond lengths in between different
atoms are also given. For example, the length between o-xylene and
surface was recorded as 3.11 A (T101A). The shortest distance between
the surface oxygen and hydrogen of the methyl group was recorded as
2.713 A. Because of this weak interaction, no considerable distortion on
the surface or in the molecule is visible. The Ti—O—Ti bond distance
(1.832 Z\) was observed to increase by 27 % when compared with this
bond length (1.827 A) in the pure surface. The results suggested that o-
xylene interact with the top oxygen atom using aromatic 5 electrons of

Fig. 6. ESR spectra of pure and CQDs decorated TiO, NPs under UV light irradiation.
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Table 1
Calculated E,4s values for different configurations of o-xylene on TiO, {101}
and {001} facets.

Conf. Eaqs (eV)

A B C D
T101 0.219 0.129 0.131 0.239
TOO01 0.554 0.326 0.338 0.455

the ring. The high E,q4s value recommended T101D as being the most
stable adsorption configuration of o-xylene on TiO, (101) surface. The
adsorption mechanism of o-xylene on TiO, (001) surface followed an
identical configuration pattern (Fig. S6). The E,q4s values suggested that
o-xylene strongly adsorbed on TiO, (001) surface compared to TiO,
(101) (Table 1). Much like TiO, (101), the adsorption complex (T0O01A)
in which o-xylene molecule is parallel to the surface right above the
surface oxygen (O, gave a high adsorption energy value (E.gs
=0.554 eV). Furthermore, a significant distortion was observed on the
surface. For example, the Tis.—O,. bond length (2.158 A) was observed
to increase by 10 % when compared with the clean surface (1.951 Z\).
The aromatic ring distance from the surface O,. was measured as
2.960 A, that is quite shorter compared to a similar distance in T101D
(3.010 /7\). Also, the shortest distance between the aromatic ring hy-
drogen and surface O,. (H—0,.) was measured as 2.530 A. Conse-
quently, it can be inferred that o-xylene strongly adsorbed on TiO,
(001) facet while only weakly interact with TiO, (101) facet. The E,qs
values for other configurations, including T001B, T0O01C, and TO01D
suggested relatively weak interaction, but still stronger than TiO,
(101). However, according to the calculated high adsorption energy
value (0.554 eV), TOO1A is by far the most stable configuration of the o-
xylene on TiO, (001).

Only, the most stable adsorption complexes were used for the PDOS
and EDD calculations. The PDOS of the pure surface and o-xylene in the
gas phase is given in Fig. S7. The PDOS of TiO, (101) and TiO, (001)
surfaces demonstrated a significant variation in the available energy
states; however, the contributions from different atoms were somewhat
similar. In either case, Ti(sp) states weakly contributed in the upper CB
(beyond 6 eV). In case of Ti (101), Tisq) states contributed in the CB
around (1.82-7.20eV) (Fig. S7a). However, this state occurred at re-
latively high energy started at 2.31-7.63eV in Ti (001) (Fig. S7b).
Additionally, Tisq) states also contributed to the VB around —4.78 to
—0.74 eV. Interestingly, the Oy, states, mainly contributed in the VB,
where the energy states were well below the Fermi level (—4.90 to
—0.36 eV) for TiO, (101). However, in the case of Ti (001), these states
merged in the Fermi level (—3.78 to 0.32eV). The PDOS of o-xylene
(Fig. S7c) demonstrated characteristic sharp peaks. The respective
contribution from different atoms is also given for comparison. The
PDOS of the most stable complex’s T101D and TOO1A is given in Fig. 7a
and b, respectively. Some variations in the PDOS were observed, which
can be traced by careful analysis. The intensity and position of the
energy state’s changed after the o-xylene adsorption. In T101D, the
Ti(zq) states shifted to low energy (1.24 eV), and similarly, the intensity
of the peak decreased. This states shifted to 2.06 eV compared to pure
TO01A (2.31eV). Moreover, the intensity of peak significantly de-
creased contrasted to pure surface. The decrease in intensity of the
energy states can be inferred as the occupation of free energy states,
hence suggested coupling of different energy states. The intensity of the
Cp energy states of the aromatic ring (rCp) at 4.8 eV decreased in
T101D and TOO1A. The states around the Fermi level due to the o-xy-
lene molecules behaves quite interestingly in both surfaces. For ex-
ample, no significant shift was observed in the case of T101D; however,
this peak significantly shifted to low energy values (in VB) in the case of
TOO1A, demonstrating the stabilization of the adsorbate by adsorption
of o-xylene on TiO (001) surface. The O, states and carbon p states of
the aromatic ring (rCp) are strongly coupled near the Fermi level
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around —0.44 eV in TOO1A. The EDD for T101D and TOO1D is given in
Fig. 7c and d, respectively. The green region represents the electron-
rich region, while the purple region represents the electron depleting
region. It is clear that the electron density surrounds the aromatic ring
region and Oy, thus confirming the s-electrons interaction of the aro-
matic ring. Additionally, this interaction also decreased the electron
density surrounding the hydrogen atoms and converge more around the
aromatic ring. This behavior is pronounced in the TO01A compared to
T101D. Moreover, a high charge density can be seen for TOO1A than
T101D at the same isovalue (0.005) corresponding to high adsorption
energy values. The EDD further confirmed the adsorption and PDOS
results. The computational study suggested that TiO, NPs with domi-
nant {001} facets are potentially more reactive to o-xylene adsorption.

3.4. In-situ DRIFTS analysis

The in-situ DRIFTS spectroscopy was used to further examine the
adsorption and photodegradation of o-xylene on pure and CQDs/TiO5
NPs. Initially, the samples were flushed with N, and the background
spectrum was deduced. A series of adsorption spectra was recorded in
the flow (flow rate of 20 sccm) of the reactant mixture (Fig. 8). The
observed adsorption peaks are listed in Table S1. The broad peak
around 3537 cm ™! is assigned to O—H stretching vibrations of the
molecular water, that has been observed in both cases (Guo et al.,
2019). The small peaks beyond 3537 cm ™! are attributed to isolated
OH groups coordinated to Ti** on the surface (Sun and Zhang, 2016).
These free OH groups act as effective Lewis sides for the o-xylene ad-
sorption, which can be seen disappearing under the constant flow of o-
xylene. This behavior is due to the interaction of the aromatic ring and
O—H groups on the surface. Instead, a new broad complex peak with ill-
defined maxima appear at low frequency (3132 and 3214 cm ™ %), which
evidenced the interaction of 5t electrons of the aromatic ring and iso-
lated OH groups (Zhang et al., 2014b; Zheng et al., 2006). Several other
adsorption peaks were observed in the range from 2800 to 3750 cm ™ *,
which could be associated with aromatic ring C—H groups and sym-
metric/asymmetric vibrations of the methyl groups C—H (Marie et al.,
2005). The peaks beyond 3000 cm ™" is associated with C—H group of
unsaturated C, while the ones below 3000 cm ™! are associated with
C—H group of the saturated C (Klug and Forsling, 1999). The pro-
gressive peak at 2863 cm ™! is due to the symmetric stretching vibration
of the methyl group (Fig. 8b) (Jang and Mcdow, 1997). The weak hump
around 1271 cm ™! is due to aromatic ring vibration (Kovalevskiy et al.,
2019). Similarly, the peaks around 1485 and 1619 cm ™! are associated
with in-plane skeletal vibrations of the aromatic ring. These peaks are
observed to increase with increasing adsorption time, while the similar
type of peaks for CQDs/TiO, display high intensities in contrast to pure
TiO,. This behavior suggested that CQDs significantly improve the
adsorption of o-xylene. This peak can be seen progressively increasing
with increasing adsorption time in the beginning, which reaches to a
somewhat steady level. The peaks around 1027 and 1071 cm™*' are
associated with C—O stretching vibrations of the alkoxide species (Li
et al., 2017b). These peaks are more noticeable in the CQDs/TiO5
samples, which can be associated with the presence of CQDs that adsorb
various oxygen and acetate groups.

Next, the samples were irradiated using UV/visible light and the
photodegradation was recorded (Fig. 9). Various peaks were observed
in both samples, and position of the peaks is slightly different in pure
TiO5 and CQDs/TiO, (Table S2); however, here we will only highlight
the peak position of pure TiO, given in Fig. 9a and b (otherwise men-
tioned) while the CQDs/TiO, peaks are given in Fig. 9c, d. Several
peaks can be traced during the photodegradation experiment (Fig. 9a,
b), which can be attributed to the parent compound, intermediate
species, and the converted product such as CO, and water. The peaks
around 2334 and 2361 cm ™! are due to adsorbed CO, those are ob-
served to increase in intensity with increasing photodegradation time
(Wu et al., 2017). This behavior can be associated with the complete
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Fig. 7. PDOS of the most stable adsorption complexes, (a) Til01A, (b) Ti001D. The corresponding EDD plots are given in (c) and (d), respectively.

Fig. 8. FTIR spectra of o-xylene progressively adsorbed in the gas phase showing an increasing coverage with increasing time (step size 60s) on (a) pure TiOs, (b)

CQDs/TiO,.

oxidation of o-xylene on pure TiO,. These peaks are sharpest in the case
of CQDs/TiO, suggesting an increasing quantity of o-xylene miner-
alization compared to pure TiO,. These results are in good agreement
with our previous photodegradation experiment given in Fig. 5c¢ and d,
where CQDs/TiO, demonstrated a much higher photocatalytic activity
than pure TiO,. The small peaks at 3664, and 1641 cm ™! are attributed
to bicarbonate vibrations. The peaks (i.e., 3727, 3791 cm™ ) beyond
this range are associated with the depletion of isolated hydroxyl groups
(Mino et al., 2016). The peaks are progressively stronger in CQDs/TiO,
suggesting more hydroxyl groups are utilized in the composite struc-
tures compared to pure TiO,. The broad peaks around the 3505 cm ™!
are due to water associated OH groups. The peaks at 3214, 3141, and
3074 cm ™" are due to C—H group vibrations of the aromatic rings (Xie
et al., 2017). Moreover, small peaks of aliphatic C—H group vibrations
can be seen suggesting the formation of open chain compounds. New
peaks in the range 1300 to 1850 cm ~ ! are arise in both samples, which

are almost in the same position but with significant differences in
shape. The sharp peaks in this range are due to various carbonyl groups
of aldehydes and acids. Also, the intensity of these peaks increases with
increasing photodegradation time, which can be attributed to the for-
mation of the reaction intermediates, which covers the catalyst surface.
These peaks can be identified based on the previously published lit-
erature (Li et al., 2019; Mino et al., 2016; Xie et al., 2017; Huang et al.,
2008; Lai et al., 2019; Einaga et al., 2013). The small peak at
1776 cm ™! is associated with benzoic acid. The peaks at 1693 and
1720 cm ! are due to C=O stretching vibrations. The peak at 1693,
1402, 1512 ecm™! are associated with o-toluadehyde. The peak at
1548 cm ™! is due to benzoate ion. The peak at 1564 and 1359 cm ™ is
associated with COO- of carboxylate and format species. The peak at
1606 cm ~ ! is due to benzoquinone, while benzaldehyde give rise peaks
at 1584 and 1199 cm ™. The peaks below 1200 cm ™! are due to various
C—O stretching vibrations adsorbed on the surface. The increasing
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Fig. 9. FTIR spectra showing photodegradation of o-xylene with time (step size 60 s) under UV/visible illumination previously adsorbed on (a, b) pure TiO,, (c, d)

CQDs/TiO».

intensity also suggests the formation of more such groups as inter-
mediates and product. The in-situ DRIFTS results suggested that the
photodegradation of o-xylene involved various intermediate steps.
Additionally, the results confirmed that a part of the o-xylene is com-
pletely mineralized while some part of the intermediates adsorb on the
catalyst surface. Also, the in-situ DRIFTS results showed that CQDs
significantly improved the photocatalytic performance of TiO, and a
major part of the flowing gas is converted to the final product such as
CO, and H,O in contrast to pure TiO,.

3.5. Proposed mechanism

Based on our experimental results, a proper proposed mechanism is
given, which explains the adsorption and photodegradation of the
flowing gas phase o-xylene on pure and CQDs modified TiO5 NPs. The
schematic view of photogenerated electrons and holes and subsequent
photooxidation of o-xylene is shown in Fig. 10. The adsorption of the

Fig. 10. A proposed mechanism depicting electronic excitation in TiO,, inter-
mediate formation, and the photocatalytic oxidation process of o-xylene on
CQDs/TiO,. Nomenclature of molecular structures include, C: black, O: light
blue, H: red.

gas molecule is a crucial step for the gas phase photodegradation ex-
periment. The experimental and computational results suggested that
the adsorption capability of the pure TiO, NPs was significantly im-
proved by CQDs. Although no significant difference in SSA was ob-
served, CQDs modified TiO, improved the adsorption of o-xylene. This
behavior can be associated with the available hexagonal ring structures
in CQDs frameworks, which interact with the aromatic ring of o-xylene
through 7i-it electrons. Additionally, due to the strong interaction of the
CQDs with TiO, surface, the transport of photoexcited electrons be-
comes more efficient in the CQDs/TiO, composite structures, which is
evidenced by the PL results. As stated earlier, TiO, {001} is composed
of more under-coordinated Ti atoms on the surface, hence, more di-
oxygen species are adsorbed on the TiO, {001} facet, which further
promote the charge transfer at the interface between the TiO, and ad-
sorbed species and also obstruct the electron-hole recombination. The
DFT results suggested that o-xylene strongly adsorbs on the TiO5 (001)
surface in contrast to (101) surface; therefore, in principle, TiO, NPs
with dominant {001} facets must be more efficient for the o-xylene
photodegradation reaction. When the CQDs are added, the light ad-
sorption potency of the composite structure increased in contrast to
pure TiO,. As the in-situ DRIFTS analysis suggested that the photo-
degradation of the o-xylene is a very complex process that involves
various intermediate species. However, the overall reaction mechanism
can be described as follows. Initially, the "OH radicals attack the methyl
groups of the o-xylene. Further reaction is driven by the ‘O»— and ‘OH
radicals, which can produce benzoquinone, benzaldehyde, formats and
bicarbonate species, o-tolualdehyde, benzoic acid, and benzoate ions.
Next, the "O,— and "OH radicals further promote the reaction, and a
chain of smaller intermediates are produced. Finally, the intermediates
are converted into a product, such as CO, and H,O. The ESR study
suggested that CQDs/TiO, composite generates more "OH radicals and
less 'O,— radicals in contrast to pure TiO,. Therefore, the steps that
involve the "OH radicals will be enhanced significantly by the addition
of CQDs and vice versa. We further studied the recyclability of CQDs/
TiO, photocatalyst (Fig. 11). No significant variations could be ob-
served after five cycles demonstrating the stability and potency of our
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Fig. 11. Recycle run of the CQDs/TiO, for the photodegradation of o-xylene
under UV/visible irradiation.

photocatalyst for the practical device frameworks.
4. Conclusion

In summary, CQDs decorated TiO, nanoparticles were successfully
synthesized and studied their adsorption capability and photo-
degradation efficiency for the gas-phase o-xylene. The light absorption
and charge separation were improved in TiO, NPs via CQDs decoration,
which were confirmed by the UV/visible and PL studies. As pure TiO,
showed no photocatalytic activity in the visible region, CQDs/TiO5
nanocomposites demonstrated a considerable photodegradation effi-
ciency (23 %). Moreover, the adsorption properties of TiO, was greatly
improved by CQDs signifying its positive effect for the gas phase re-
actions. The DFT calculations further confirmed that o-xylene strongly
attaches to TiO, (001) surface, while only weakly adsorbed on TiO,
(101) surface. The in situ DRIFTS study suggested that the photo-
catalytic oxidation of o-xylene involved several intermediates forma-
tion. Briefly, it can be inferred that due to CQDs on TiO, surface, the -
7 electron interaction between the aromatic ring of o-xylene and CQDs
resulted in an increasing adsorption capability. Also, the CQDs in-
creased the production of "OH radicles that was confirmed through ESR
study, which further enhanced the photocatalytic oxidation process.
This study suggests that CQDs is a promising inexpensive source, which
can be used as a co-catalyst for improving the photocatalytic properties
of TiO, to develop an efficient and inexpensive photocatalyst for the
commercial use.
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