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ABSTRACT

In this work, we have developed and optimized TiO, nanoparticles decorated with carbon quantum dots to
examine its potential use in the photocatalytic oxidation of aromatic ring containing gas-phase mixed volatile
organic compounds, e.g., benzene, toluene, and p-xylene. Carbon quantum dots decorated TiO, demonstrated
good photodegradation efficiency in contrast to pure TiO, under UV-vis light illumination. For example, with
0.5 wt% carbon quantum dots decorated on TiO,, 64 % of the mixed volatile organic compounds were photo-
degraded, while pure TiO, only exhibited 44 % of the photodegradation efficiency. Also, the carbon quantum
dots (0.5 wt%)/TiO5 nanocomposite demonstrated considerable photocatalytic activity within the visible region.
On the other hand, pure TiO, remained inactive within the visible region. The density functional theory study of
the carbon quantum dots/TiO, interface revealed that C 2p states of carbon quantum dots incorporated new
energy states around the Fermi level near the lowest conduction band. This might be accountable for the im-
proved charge separation process and better conductivity of the photogenerated electrons. The improved pho-
tocatalytic performance of the carbon quantum dots/TiO, nanocomposites can be attributed to good light
harvesting within the UV-vis region, charge separation, and adsorption capability.
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1. Introduction

Volatile organic compounds (VOCs) in the indoor air can be
harmful, and some may be toxic, mutagenic, and teratogenic (Suarez
et al.,, 2019). The presence of VOCs is accounted for the increasing
ozone content in the atmosphere as well as the photochemical smog
formation. Different types of VOCs, i.e., acetaldehyde, formaldehyde,
benzene, toluene, and xylene are constantly delivered into the en-
vironment through different natural and anthropogenic sources
(Broday et al., 2020; Zheng et al., 2019). Therefore, it is important to
eliminate VOCs from both the indoor and the outdoor environments.
Several procedures have been adopted for the VOCs abatement, which
include, non-thermal plasma (Mustafa et al., 2018), adsorption on
carbon materials (Zhang et al., 2017), biological treatment (Munoz
et al., 2013), electro-catalytic method (Lee et al., 2020), adsorption by
porous materials (Zhu et al., 2020), and photocatalytic oxidation (Li
et al., 2017a,b, Wang et al., 2009). Among these, the photocatalytic
oxidation (PCO) is regarded as a promising technique for the removal of
VOCs (Ji et al., 2017; Weon et al., 2017). For example, the deactivation
of adsorbent used in the adsorption process lowers their efficiency (Zou
et al., 2019). Also, during the thermal catalytic decomposition, a high
temperature (> 700°C) is required for the complete elimination of
VOCs, which is not feasible for the low VOCs content (Jones et al.,
2014). In contrast, oxide-based semiconductor materials such as TiO,
can be used to harvest solar light to efficiently eliminate VOCs under
light illumination (Petronella et al., 2017).

Titanium dioxide (TiO,) is among the most studied semiconductor
materials for the photocatalytic as well as energy applications (Naldoni
et al., 2019; Tofighi et al., 2019). Additionally, TiO, has been thor-
oughly considered for the removal of organic pollutants owing to its
outstanding oxidizing properties, abundance, and nontoxicity (Nie
et al., 2018; Rao et al., 2019). However, as TiO, is a wide bandgap (E,
= ~3.2 eV) semiconductor material, thus, it can only harness light in
the ultraviolet (UV) region, which constitute < 5% of the solar spec-
trum. Another issue, which further limits the usefulness of TiO, is the
fast recombination of the photoinduced hole-electron pairs (Shen et al.,
2019). To overcome these issue, different strategies have been adopted,
which include precious metal deposition, development of heterojunc-
tions, and doping of foreign elements in the TiO, crystal (Bai et al.,
2019; Pradhan and Uyar, 2019; Zhou et al., 2019). For instance, the
effect of commercially available TiO, microstructures has been studied
for the removal of toluene, acetone, and acetaldehyde (Bianchi et al.,
2014). It has been reported that efficient adsorption of the pollutant gas
molecules on the surface plays a key role in the subsequent photo-
degradation reaction. The FTIR study suggested that the surface Ti—-
OH-T—i bridge due to the OH groups on TiO, surface play a significant
role for the efficient photodegradation. The larger number of
Ti—OHT—i bridged species were found to facilitate the photodegrada-
tion of acetone and acetaldehyde. Among the various types of TiO,
samples, commercial TiO, (PC105; E; =3.19 eV) demonstrated a high
photocatalytic activity for the photodegradation of acetone and acet-
aldehyde, when compared with the other nano- and micro-sized TiO,
powders, i.e., P25 (3.21 eV), 1077 (3.15 eV), and AT-1 (3.15 eV).
Furthermore, the toluene photodegradation resulted in some irrever-
sible changes on the photocatalyst surface. It was noticed that Ti—OH
sites disappeared during the photodegradation of toluene, which re-
sulted in an incomplete removal of toluene even after a prolonged re-
action time (6 h). In another study, TiO, nanoparticles were in-
corporated into a metal-organic framework (MOF), NH,-UiO-66, where
the concentration and morphology of TiO, particles were controlled
using the hard-soft acid-base (HSAB) principle (Yao et al., 2018). In
contrast to pure TiO,, TiO,/NH,-UiO-66 composites demonstrated a
high photocatalytic activity for VOCs, which was attributed to an effi-
cient charge separation due to a good interfacial contact between TiO,
and MOF. Moreover, the photodegradation of styrene was substantially
improved under the visible light illumination. High conversion

Journal of Hazardous Materials 401 (2021) 123402

efficiency of 99 % was recorded for the 5%wtTiO,@NH,-UiO-66 com-
posite in contrast to pure TiO, (32 %).

The surface modification of TiO, has been given a considerable
interest. For example, Pt and F-modified TiO, has shown excellent
photocatalytic efficiency for the indoor air pollutant (Weon et al.,
2018). The Pt/TiO, exhibited a high photocatalytic response for toluene
photodegradation, however, showed deactivation during the repetitive
tests. In contrast, the F-TiO, was more stable, but initial efficiency was
almost similar to bare TiO,. However, when the F-TiO,/Pt system was
tested for toluene, it demonstrated an excellent photodegradation effi-
ciency and stability. The surface fluorination facilitated more stable
mobile O'H radicals by replacing surface O H-groups. While the Pt-
species on the surface inhibited the electron-hole recombination and
promoted the hole transfer to the adsorbed water molecules. The mo-
bile O'H species obstructed the absorption of carbonaceous inter-
mediate species on the surface, which prolonged the activity of the
catalyst. Although, significant improvements have been achieved in
TiO, based photocatalysts for the removal of VOCs, the topic is still
actively pursued in the literature. The main issues, which are to be
solved is the replacement of precious metals as cocatalysts to lower the
device cost, while improving the charge separation and light harvesting
capabilities.

Currently, a new class of “zero-dimensional” nanostructures i.e.,
carbon quantum dots (CQDs), are gaining much attention to sensitize
TiO5 (Jing et al., 2019). CQDs are categorized as quasi-spherical na-
noparticles (NPs) with an average diameter of less than 10 nm (Di et al.,
2015). Their structure is amorphous or crystalline, containing carbon
rings with sp? carbon clusters or they may appear as diamond-like rings
comprised of sp carbon. Due to the synergistic effect, the decoration of
CQDs on TiO5 not only suppresses the charge recombination process in
TiO,, but also improves the light absorption capacity (Liang et al.,
2019). Lately, CQDs modified semiconductor materials have been stu-
died for various photocatalytic and electrical applications, for example,
CQDs/BiOI (Di et al.,, 2016), CQDs/ZnFe,0, (Huang et al., 2017),
CQDs/CaTiO3 (Wang et al., 2018), CQDs/CuO (Ma et al., 2016), and
CQDs/TiO, (Li et al., 2017a,b). The photodegradation of VOCs using
CQDs/TiO has been rarely studied. One such attempt has been recently
reported by our group (Hu et al., 2018). Our group used CQDs/TiO,
composites to photodegrade gaseous acetaldehyde. The results showed
that with 3 wt% CQDs/TiO», 99 % of acetaldehyde (500 ppm) could be
photodegraded when compared with pristine TiO, (46 %) with a flow
rate of 20 standard cubic centimeters per minute (sccm). Additionally,
3%wt CQDs/TiO, exhibited a substantial conversion efficiency (30 %)
under visible light irradiation. These outcomes are promising and led us
to examine CQDs and TiO, composites for other VOCs.

Herein, CQDs modified TiO, nanocomposites were synthesized,
showing an outstanding degradation efficiency under UV-vis light for
the mixed VOCs, which include benzene, p-xylene, and toluene. TiO,
nanoparticles were decorated with different wt% of CQDs and in-
vestigated their photocatalytic activity within the UV and visible re-
gion. The effect of CQDs on the absorptivity of pollutant gas molecules,
optical properties, and degradation of mixed VOCs under light irra-
diation was studied in detail. The adsorption behavior of pollutant gas
molecules was also investigated using periodic density functional
theory (DFT). Additionally, the origin of enhanced photocatalytic ac-
tivity was rationalized by investigating the electronic structure of the
CQDs and TiO, interface, using DFT. Our study explores the potential
use of CQDs and TiO, nanocomposites to remove mixed-VOCs for the
first time, which will be of high significance for the future studies.

2. Experimental section
2.1. Synthesis of pure TiO,

Two different synthesis routes were adopted to synthesize pure TiO,
and CQDs, which include hydrothermal method (Chen et al., 2018) and
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Fig. 1. X-ray diffraction (a) and thermogravimetric analysis (b) of the pure and xwt%CQDs/TiO5.

citrate precursor method, respectively. At first, we synthesized TiO,
NPs with desired dominant facets. For this purpose, titanium butoxide
(C16H3604Ti; 97 %; Sigma-Aldrich) and hydrogen fluoride (HF: 40 %;
Sigma-Aldrich) were mixed in a dry Teflon vessel, which was heat-
treated in an electric furnace at 200°C for 24 h. The product precipitates
were collected through centrifugation (10,000 rpm) for 10 min and
thoroughly washed with deionized water. To remove the surface
fluoride ions, as-prepared TiO, NPs were sonicated for 1 h in 0.1 M
NaOH and kept at room temperature for 24 h, which were eventually
washed with deionized water and dried in an electric furnace at 100°C.

2.2. Synthesis of carbon quantum dots

The citric acid decomposition method was adopted to synthesize
water soluble CQDs (Martindale et al., 2015). In a typical reaction, 40 g
of citric acid was put through 180°C for 40 h in an electric furnace. The
resulting brown gelatinous matter was carefully dissolved in 5 M NaOH
solution and the pH was adjusted as 7. Finally, we used freeze drying
procedure to achieve the CQDs powder.

2.3. Composites preparation

To start with, 1 g of TiO, was dispersed in a mixture solution con-
taining 5 mL deionized water and 15 mL absolute ethanol, which
contained 0.5 wt% CQDs. This solution was first stirred for 12 h on a
magnetic hot plate at room temperature and eventually dried at 70°C
under constant stirring. The dried powder was calcined in the range
from 100 to 300°C. Our results showed that 200°C is the best calcination
temperature, which revealed superior photocatalytic activity compared
to other samples, hence the other compositions were also calcined at
this temperature. Different wt% of CQDs were used to synthesize 0.15,
0.5, and 2.5 wt% CQDs decorated TiO, NPs.

2.4. Characterization

The X-ray diffraction (XRD) profiles were collected using Ultima IV
2036E102, Rigaku Corporation, Japan X-ray diffractometer with Cu
Ko, (1.54 A) source. Particle morphology and elemental analysis was
carried out using a field emission scanning electron microscope
(FESEM: JEOL JSM-6700 F) coupled with an EDS. High resolution
transmission electron microscope (HRTEM: JEOL 2100) was used for an
in-depth nanostructure analysis, operating at 200 kV coupled with LaB6
source. Optical characterization was carried out using a model Perkin
Elmer Lambda 950 UV-vis-NIR absorption spectrometer and Edinburg
FL/FS900 photoluminescence spectrophotometer using Agy. = 320 nm.
The surface chemical states were identified through XPS (Thermo sci-
entific ESCALAB 250Xi) analysis. The Brunner- Emmett -Teller (BET)
specific surface area of the samples was analyzed using a nitrogen
desorption isotherm apparatus (Micrometrics ASAP 3000). A model
ESR (JES-FA200) spectrometer was used to study the production of

oxide radicals. The computational detail is given in supplementary
section S1.

2.5. Photocatalytic test

The sample powders (0.1 g) were coated on a glass substrate prior to
the photodegradation reaction. The as-prepared photocatalysts were
transferred to an automated flow reaction chamber with a coupled GC
(Fig. S1). The adsorption-desorption process was monitored to achieve
an equilibrium, which were subsequently irradiated using UV-vis light.
Fresh samples have been used for every test except for the cyclic ex-
periment. The test was also carried out without a catalyst (empty re-
action chamber) for comparison. In the beginning, the instrument was
stabilized under flow of the gas-phase mixed-VOCs (60 ppm), which
was eventually allowed to flow in the reaction chamber under the dark
condition. The photodegradation was monitored through GC under
light illumination. The reading was automatically recorded in 10 min
time intervals. The flow rate was kept constant as 20 sccm.

3. Results and discussion
3.1. X-ray diffraction and thermal analysis

Fig. 1a shows the XRD results of pure and CQDs (0.5 wt%) modified
TiO, NPs. The XRD results confirmed the formation of single phase
anatase TiO,, which matched well with the standard PDF no: 21-1272.
No impurity peaks could be seen in the XRD results. The CQDs dec-
oration did not affect the XRD peaks profile, which suggested that CQDs
on the surface would not affect the crystal lattice of TiO,. The lattice
parameters of pure TiO, were calculated as a = b = 3.7897 A, ¢ =
9.5214 A, which agreed well with the previous reports (Challagulla
et al,, 2017). The lattice parameters of 0.5 wt%CQDs/TiO, nano-
composite were a = b = 3.7904 A, and ¢ = 9.5325 A, which displayed
no considerable difference. The XRD peak profile of pure CQDs revealed
a broad hump around 20 = 29.8° (Fig. S2), which was attributed to the
lattice spacing 3 A, much like (200) reflection (dggs = 3.4 10\). Some-
what similar results have been previously observed in a disordered
graphitic-like structure (Peng and Travas-Sejdic, 2009). We further
used thermogravimetric (TG) analysis to estimate the amount of CQDs
on TiO5 NPs (Fig. 1b). The weight-loss below 200 °C was attributed to
the removal of adsorbed water, which accounts for only 3% in the case
of pure TiO5 (Ramimoghadam et al., 2014). The corresponding weight-
loss in this region increased by changing the wt% of CQDs, which can
be inferred as that the adsorption of water was facilitated in the pre-
sence of CQDs. The weight-loss beyond this region was attributed to the
surface adsorbed moisture, OH species, residual organics, and the
combustion of CQDs. The CQDs decorated TiO, NPs showed a high
weight-loss, which suggested that more combustion products were re-
leased due to the presence of CQDs on TiO, NPs. The corresponding wt
% losses for the pure and 0.15, 0.5, and 2.5 wt%CQDs decorated TiO5
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Fig. 2. TEM and HRTEM micrographs of CQDs and 0.5 wt%CQDs/TiO,; (a) TEM of CQDs, (b) TEM of 0.5 wt%CQDs/TiO,, (c) HRTEM of CQDs, (d) particle size

distribution of CQDs, (e) HRTEM of 0.5 wt%CQDs/TiO,.

were calculated as 0.84 %, 1.23 %, 1.81 %, 2.04 %, respectively. The
TG analysis confirmed the presence of CQDs on TiO, NPs. Also, the
variation in wt% indicated that the content of CQDs was successfully
varied in our experiment.

3.2. Microstructure analysis

The TEM and HRTEM images are given in Fig. 2. Pure CQDs re-
vealed a homogeneous spherical particle morphology with varying
particle size (Fig. 2a). The average particle size was calculated as 2.4
nm using particle size distribution method (Fig. 2d). The HRTEM image
displayed the characteristic graphitic and amorphous carbon regions
(Fig. 2¢). The average distance among the lattice fringes of the graphitic
area is calculated as 0.24 nm, which is equivalent to (100) interlayer
spacing (Baker and Baker, 2010). The FESEM micrographs and EDS
analysis of pure and 0.5 wt%CQDs/TiO, revealed a cube-like mor-
phology, which is a characteristic growth habit of TiO, NPs along
the < 001 > direction (Fig. S3) (Wang et al., 2020). The mean particle
size was calculated as 62.1 nm using particle size distribution method
(Fig. S4). The EDS study confirmed the presence of titanium, oxygen,
and carbon, while the wt% ratio of C (2.13 %) was marginally higher in
the 0.5 wt%CQDs/TiO, than pristine TiO, (1.94 %). Additionally,
Fig. 2b verified the cuboidal disk morphology of TiO, NPs. The HRTEM
confirmed the successful deposition of CQDs on TiO, surface (Fig. 2e).
The interplanar distance was measured as 0.35 nm, which was attrib-
uted to (101) plane of anatase TiO, (Li et al., 2018; Yang et al., 2018).
The lattice distance of CQDs is 0.24 nm and the lattice planes for TiO,
and CQDs can be noticed in the same region. These results further
confirmed the successful decoration of CQDs on TiO, NPs.

3.3. X-ray photoelectron study

Fig. 3 shows the XPS analysis of CQDs modified TiO,. The survey
XPS profile exhibited the key constituent elements (Fig. 3a). The raw
data was analyzed using Gaussian-fit to highlight the hidden peaks in
the XPS pattern. Three peaks were identified in the C 1s spectrum,
which occurred at the binding energies (B.E), such as, 285.8 eV, 287.3
eV, and 289.2 eV. These peaks were attributed to C=C, CH, and
OCO——=, respectively (Shi et al., 2017; Wang et al., 2019). In the case

of O 1s, three peaks were identified at B.E 530.8 eV, 531.4 eV, and
532.5 eV, which were attributed to lattice oxygen, oxygen bound to
reduce Ti** state forming Ti, O3, and O-H, respectively. The Ti 2p peak
was resolved into four distinguished peaks (Fig. 3d). Similar peaks have
been previously reported for the cobalt doped TiO, systems (Bharti
et al., 2016). The high intensity peaks around the B.E 459.4 eV and
465.2 eV were associated with the Ti**2ps ». The peaks at B.E 457.8 eV
and 460.9 eV were attributed to the presence of Ti** 2p; ». The pre-
sence of Ti,O3 can be evidenced from the Ti** 2p; , and 531.4 eV peak
in O 1s. It has been reported previously that CQDs might reduce Ti** to
Ti®* (Lin et al., 2018). The shifting of Ti 2p peaks of CQDs decorated
TiO, sample in contrast to pure TiO, suggested a strong interaction
between the CQDs and TiO, NPs, which might have influenced the
surface states of TiOs.

3.4. Specific surface area, light absorption, and photoluminescence studies

The BET surface area of pure and xwt%CQDs/TiO, nanocomposites
were measured using the nitrogen-adsorption isotherm. The results are
shown in Fig. 4a, and b. No significant difference was observed among
the pure and CQDs modified TiO, NPs. The corresponding specific
surface area and average pore diameter of pure TiO, were determined
as 89.92 m?/g and 20.49 nm. The specific surface area values of the
CQDs modified TiO, were 90.03, 90.74, and 90.89 m?/g corresponding
to 0.15, 0.5, and 2.5 wt% of CQDs modified TiO5 NPs. The average pore
diameter of CQDs modified TiO, was 16.50, 16.00, 17.21 nm, respec-
tively. The UV-vis absorption spectrum (Fig. 4c) demonstrated a non-
linear redshift with the increasing CQDs content. For example, the
absorption edge of 0.5 wt%CQDs/TiO, nanocomposite shifted more in
contrast to pure and other CQDs modified samples. This behavior could
be due to the surface sensitization of TiO, NPs after CQDs decoration,
which improved the light absorption capability. The bandgap values
were calculated from the UV-vis spectra using equation E = hc/A.
Where h (6.626 x 10~ 3% Joule sec) is the Plank constant, ¢ (3.0 x 108
meters/sec) is the speed of light, and A is the cutoff wavelength. The
cutoff wavelength for the pure and CQDs modified TiO, samples were
determined from the corresponding UV-vis spectrum. The bandgap
values of pure and 0.15, 0.5, and 2.5 wt%CQDs/TiO, nanocomposites
were calculated as 3.18, 3.15, 3.12, and 3.14 eV, respectively. The
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Fig. 3. XPS spectra of 0.5 wt%CQDs/TiOs, (a) XPS survey spectra, (b) C1 s, (c) O1 s, (d) Ti2p.

schematic bandgap diagram is also given in Fig. 4e. The PL results are
given in Fig. 4d. The PL spectra exhibited a broad peak around the 400
nm, which is due to the band-band photoluminescence phenomenon
(Etacheri et al., 2010). A significant decrease in the PL intensity was
observed for the CQDs decorated TiO, nanocomposites. For example,
the 0.5 wt%CQDs/TiO, nanocomposite demonstrated the lowest peak
intensity in this region, in contrast to pure TiO, and other CQDs
modified samples. This behavior could be associated with the improved
charge separation process due to the presence of CQDs on TiO, NPs. It
has been well thought out that the photoinduced electrons excited in
pure TiO, recombine in a short time, which affects the photocatalytic
performance of pure TiO,. Once the CQDs are decorated on TiO, sur-
face, the photoexcited electrons can further conduct in the CQDs
structure, which improves the charge separation efficiency (Wang et al.,
2019).

3.5. Adsorption and photodegradation study

The photocatalytic activities of the pure and CQDs decorated TiO»
NPs were studied using gas-phase mixed VOCs as the sample pollutant
gas, which included benzene (20 ppm), p-xylene (20 ppm), and toluene
(20 ppm). The adsorption-desorption equilibrium was achieved in the
dark prior to the photodegradation process under UV-vis light illumi-
nation. The mixed VOCs was allowed to flow in the reaction chamber
with a flow rate of 20 sccm. The results are shown in Fig. 5. The curve
area of the empty chamber was deducted from the catalyst area to
determine the %increase in adsorption. Fig. 5a and b shows the ad-
sorption curves and (%)adsorption, respectively. When pure TiO, was
used as the photocatalyst in the reaction chamber, a substantial in-
crease in the adsorption area was observed, which suggested that pure
TiO, adsorbed the gas molecules. Pure TiO, showed a 20 % rise in the
adsorption of mixed VOCs in contrast to the empty reaction chamber.
The CQDs (0.5 wt%) decorated TiO, NPs further improved the ad-
sorption of mixed VOCs. The 05 wt%CQDs decorated TiO, NPs were
calcined at different temperature and the photocatalytic activities of the

as-prepared samples were tested to optimize the nanocomposite fabri-
cation process. The calcination temperature improved the adsorption
capacity of the 0.5 wt%CQDs decorated TiO, nanocomposite. The
sample calcined at 300°C exhibited a 99 % rise in adsorption when
compared with the blank chamber. The photodegradation test was
performed after achieving the dynamic adsorption-desorption equili-
brium. The empty chamber did not show any photocatalytic response
(Fig. 5c). When TiO, NPs were utilized as the photocatalyst, a high
photodegradation efficiency (44 %) was achieved (Fig. 5d). Next, it had
been observed that the calcination temperature for decorating the CQDs
on TiO, NPs affected the photocatalytic activities. For example, the
sample calcined at 200 °C demonstrated a higher photodegradation
efficiency (64 %) than pure TiO, as well as the other CQDs/TiO, na-
nocomposites. The sample calcined at 250°C exhibited a 53 % photo-
degradation efficiency, which was still higher than pure TiO,. However,
the CQDs/TiO,, calcined at 100°C (42 %) and 300 °C (25 %) showed a
poor performance than pure TiO,. Hence, it can be inferred that 200°C
is an optimum calcination temperature to prepare CQDs and TiO, na-
nocomposites, which demonstrated relatively good adsorption and ex-
cellent photocatalytic activity than pure TiO,.

Fig. 6 shows the photodegradation of mixed-VOCs, including ben-
zene, p-xylene and toluene, on pure and xwt%CQDs/TiO, (x = 0.15,
0.5, 2.5) nanocomposites. The corresponding photodegradation effi-
ciency is shown in Fig. 6e. The average photodegradation efficiency is
given in Fig. S5. When pure TiO, was used as the photocatalyst in the
reaction chamber, 44 % of the mixed VOCs were degraded under
UV-vis light illumination (Fig. S5b). The individual analysis of benzene,
p-xylene, and toluene showed a significant difference (Fig. 6a). For
example, pure TiO, only photodegraded 4 % of benzene. In contrast, 42
% of p-xylene and 82 % of toluene were photodegraded. The CQDs
decoration improved the overall photodegradation efficiency of TiO,
NPs. In any case, only a small amount of benzene is photodegraded,
while a high photodegradation efficiency is achieved in the case of
toluene. The sample 0.15 wt%CQDs/TiO, did not display any photo-
degradation activity for benzene. The ease of photodegradation order
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Fig. 4. BET surface area analysis, which include nitrogen adsorption isotherm and pore diameter (a-b), optical absorption (c), PL spectra (d). The schematic band

diagram is also given (e).

for various VOCs photodegraded in this work is arranged as: to-
luene > p-xylene > benzene. The sample 0.5 wt%CQDs/TiO, showed
an excellent overall performance. The average photodegradation effi-
ciency for the mixed gases was recorded as 44 %, 54 %, 64 %, and 51 %,
corresponding to pure TiO, and 0.15, 0.05, 2.5 wt%CQDs/TiO,, re-
spectively (Fig. S5b). The sample 0.5 wt%CQDs/TiO, showed 31 %, 64
%, and 99 % photodegradation efficiency in the case of benzene, p-
xylene, and toluene, respectively (Fig. 6¢). Therefore, 0.5 wt%CQDs/
TiO, nanocomposite is the best photocatalyst in this work, which ex-
hibited superior photocatalytic activity. Besides, we compared the
overall photodegradation behavior within the visible region of pure and
0.5 wt%CQDs/TiO, (Fig. S6). Pure TiO, did not show any photo-
catalytic activity beyond 400 nm, which is quite predictable; while, the
sample 0.5 wt%CQDs/TiO, demonstrated a considerable photocatalytic
efficiency (13 %) within the visible region. It has been reported that the
degradation of VOCs mixture exhibits a different behavior in contrast to

isolated mode. For example, the presence of trichloroethylene (TCE)
(225-753 mg/m>) were found to improve the photodegradation of
toluene on anatase TiO, under UV-light illumination to achieve 90-100
% degradation (Luo and Ollis, 1996). The variation in toluene con-
centration below ~90 mg/m? deteriorated the TCE degradation. Also,
pure TiO, demonstrated deactivation during the PCO of toluene despite
the presence or absence of TCE. Similar behavior was observed when
dilute mixture of toluene (10—750 mg//m>®) and perchloroethylene
(PCE) and 1,1,3-trichloropropene (TCP) were used, which eventually
increased the toluene conversion (100 %) (Michael L. Sauer et al.,
1995). However, the commercial TiO, (Degussa P25) showed deacti-
vation during the photodegradation reaction. Thus, in our study the
mixture effect could possibly influence the overall degradation me-
chanism. The cyclic stability test of the 0.5 wt%CQDs/TiO, nano-
composite is also perfumed (Fig. 7). Interestingly, no considerable de-
terioration in the photocatalytic performance is noticed under five
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Fig. 5. (a) Adsorption, (b) percent adsorption, (c) photodegradation, and (d) conversion efficiency of mixed-VOCs in the presence and absence of photocatalysts. The
temperature corresponds to the calcination temperature of the 0.5 wt%CQDs/TiO, composites.

repeating cycles, which is useful for the pragmatic device applications.
In a previous attempt, the photodegradation of n-hexane, n-butyl
acetate and toluene mixture on TiO, suggested that toluene deactivated
the photocatalysts, while showed a poor photodegradation (Moulis and
Krysa, 2013). Thus CQDs improved the stability of TiO, NPs in our
study. The ESR experiment was carried out to investigate ‘OH and Ox—
radical’s production (Fig. 8). The results showed sharp peaks for the O°
H radicals in the case of 0.5 wt%CQDs/TiO, nanocomposite while
pristine TiO, exhibited sharp peaks for the O,— radicals. These two
reactive radicals are crucial for driving a surface catalyzed reaction.

Therefore, the 0.5 wt%CQDs/TiO, nanocomposite could be more active
in the photodegradation steps, which involves the O'H radicals, since
large number of O'H radicals will be available in the case of CQDs/TiO,
nanocomposites. As mentioned previously regarding the distinct role of
TiO5 {001}(Fu et al., 2019) facets for the hole migration phenomenon,
more O’H radicals were anticipated in our study. Additionally, CQDs
can trap some electrons in defective graphene like structure, which
would have increase the O 'H radical’s production.

Because of the distinctive molecular structure of different VOCs
photodegraded in this experiment, it was anticipated that these VOCs

Fig. 6. Photocatalytic degradation of mixed-VOCs and the corresponding conversion efficiencies.
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Fig. 7. Cyclic test for the photodegradation of mixed-VOCs on 0.5 wt%CQDs
modified TiO, NPs.

(benzene, toluene, and p-xylene) will demonstrate a unique affinity
towards the TiO, surface. For example, a similar behavior was observed
during the photodegradation of propanol, propanal, propanone, pro-
pene, and propane mixture (Zorn et al., 2010). A detailed multi-
component experiments suggested that those compounds, which exhibit
stronger binding energy on the catalyst surface will replace weakly
bonded pollutant gas molecules, which will affect their phootoconver-
sion, until the strongly bonded gas molecules are oxidized to a low
level. Also, the competition kinetics among the different gas molecules
might be responsible for their distinctive degradation behavior in the
mixture. Such a behavior was observed in the case of p-xylene, toluene,
and acetone mixture degradation on TiO, (Liang et al., 2010). The by-
product of p-xylene and acetone promoted the degradation of toluene.
The adsorption of toluene was higher on the catalyst’s surface, which
were attributed to the unsymmetrical structure of toluene, in contrast to
p-xylene and acetone. The mixture-effect to delay the photodegradation
of VOCs has also been observed recently for the toluene, decane, tri-
chlorethylen mixture (Debono et al., 2017). Since the XRD results
showed the polycrystalline nature of TiO, NPs, even so, TiO, {001}
facets are more reactive contrasted to TiO, {101} facets. Therefore,
only TiO, (001) surface was used to compute the adsorption energy of
benzene, p-xylene, and toluene using DFT calculations. The fully re-
laxed structures of benzene, p-xylene, and toluene are shown in Fig. S7.
Benzene, p-xylene, and toluene were allowed to relax on TiO, (001)
surface (Fig. S8). The optimized configurations of the molecules ex-
hibited a position where the aromatic rings are parallel to TiO, (001)
surface. The adsorption of molecules extended the Tis.-O,. bond dis-
tance on the surface. When it comes to benzene, this bond length was
1.73 A. Regarding p-xylene and toluene, this bond distance was mea-
sured as 1.74 A and 1.75 A, respectively. Hence, it can be inferred that
toluene showed a strong surface affinity in contrast to benzene and p-
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xylene. The corresponding adsorption energy (E,q4s) values for benzene,
p-xylene, and toluene are calculated as 0.212, 0.362, and 0.410 eV,
respectively. These values further verified the strong interaction of to-
luene with TiO, (001) surface than benzene and p-xylene. The electron
density difference results are given in Fig. S9. The gray region re-
presents the electron-rich region, while the green region shows the
electron depleting region. The electron density difference (EDD) results
showed a high electron density around the aromatic ring. Therefore, it
can be concluded that the benzene ring containing VOCs preferably
adsorbs on TiO, (001) surface using mt electrons of the aromatic ring and
position parallel to the surface.

3.6. Electronic structure of the carbon quantum dots/TiO, (001) interface

The geometrically optimized structures of pure TiO, (001) and
CQDs/TiO, interfaces, and pure CQDs are given in Fig. 9. The Tis.-Oo
distance was measured as 1.937 A for the fully relaxed TiO, (001)
surface (Fig. 9a). A significant distortion both in the CQDs framework
and TiO, (001) surface was observed when the CQDs layer structure
was interfaced with the TiO, (001) surface. For a single layer CQDs
adsorb on TiO, (001) (Fig. 9b), the Tis.-Os. bond distance increased
(2.233 A) by 14.7 %. An exchange of hydrogen atom occurred between
the CQDs and surface O,.. It can be inferred that various functional
groups attached to CQDs can boost the adsorption process of CQDs on
TiO, NPs. The bond distance between the surface O,. and H was
measured as 1.0 A, which is closer to the O—H bond distance of the
water molecule (0.975 10\). The C—H bond distance was initially cal-
culated as 1.25 A in pure CQDs (Fig. 9d), which increased to 1.57 A
after adsorption. The interfacial distance between the CQDs layer and
TiO, (001) surface was 3.1 A, which is in agreement with the previous
reports for the graphene-based structures on TiO, surfaces (Ferrighi
et al., 2016; Gao et al., 2013). The E,q4s for the first layer of CQDs was
calculated as 0.92 eV, which suggested a strong chemical interaction
between the TiO, (101) surface and CQDs layer. A double layer of CQDs
was also used (Fig. 9¢), to mimic the original layered structure of CQDs
proposed in the literature (Lim et al., 2015). The lateral distance be-
tween the first and second layers was calculated as 3.35 A, which
matched well with the experimental distance between graphene layers
(3.34 f\) (Abdol et al., 2019). The E,q for the second layer is calculated
as 1.11 eV. The partial density of states (PDOS) was calculated to un-
derstand the charge carrier migration paths. The PDOS of the pure
CQDs showed that C 2p states contributed in the valence band (VB),
while the O 2p states primarily contributed in the conduction band (CB)
(Fig. S10). A strong hybridization around the Fermi level between the O
and Cp states were observed, while similar behavior was noticed
around in the lower CB. The PDOS of TiO, (001) surface showed O 2p
and Ti 3d states contributing in the VB near the Fermi level (Fig. S11). A
strong hybridization was observed between O 2p and Ti 3d in the VB
between —5.4 and —3.1 eV. It is clear that Ti 3d states majorly

Fig. 8. Production of "OH and O3~ radicals in the case of pristine and CQDs loaded TiO».
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Fig. 9. Optimized structures of TiO, (001) surface, (b) single layer CQDs/TiO, (001) interface, (c) double layer CQDs/TiO, (001) interface, and (d) CQDs.

Fig. 10. PDOS (a) single layer CQDs/TiO, (001) interface and (b) double layer CQDs/TiO, (001) interface.

contributed in the lower CB and the O 2p states in the upper CB. Hence,
it can be inferred that under light irradiation, the photoinduced elec-
trons will transfer from the O 2p states to Ti 3d states. Fig. 10a and b
shows the PDOS of the single and double layer CQDs on TiO, (001)
surface. It is clear that between —7.9 and 0.2 eV, Ti 3d, O 2p, and C 2p
states were strongly hybridized. The C 2p states around the Fermi level
incorporated new energy states, which could be quite useful for the

charge separation and charge transport. The Ti 3d states are missing in
the lower CB. The hybridization between the C 2p and Ti 3d was ob-
served in the upper CB, while the lower CB was populated by the empty
C 2p states. In this regard, these empty C 2p states can directly accept
the photoinduced electrons from the Ti 3d or O 2p upon excitation.
Based on the DFT results, it can be predicted that CQDs will incorporate
new energy states around the Fermi level in TiO,, which will not only
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Fig. 11. Schematic illustration of the surface interaction between CQDs and
TiO, NPs, which incorporate charge excitation in TiO, under light illumination
and transfer between CQDs and TiO.,.

shrink the optical bandgap, but also can provide trap sites (acceptor
states) for photogenerated electrons, enhancing the charge separation
process. Both of these properties will improve the photocatalytic per-
formance of CQDs decorated TiO, nanocomposite.

3.7. Proposed mechanism

The experimental results and theoretical calculations enable us to
anticipate a proposed mechanism for the better charge separation and
improved photocatalytic activity of CQDs/TiO, nanocomposites. A
schematic view of charge excitation and transfer in CQDs and TiO,
nanocomposite is given in Fig. 11. Due to undercoordinated Tis. atoms
of TiO5 (001) surface, more dioxygen derived oxygen atoms will be
adsorbed on TiO, NPs with exposed {001} facets. Therefore, it is an-
ticipated that the interfacial charge transfer will be improved, which
will ultimately benefit the separation of hole-electron pair's. The ad-
sorption of CQDs on TiO, produces a strong hybridization involving the
CB of TiO, and m electrons of the aromatic rings present in the CQDs
framework, which increases the light absorption. Also, the C 2p states
of CQDs incorporate new energy states within the lower CB, which
shrinks the bandgap. Therefore, the bandgap of CQDs/TiO, will end up
narrower than pure TiO,. The new states within the CB will behave as a
reservoir for the photoinduced electrons in the nanocomposites, which
might improve the charge separation process. This behavior was ob-
served in the UV-vis and PL studies, while the origin was verified from
the DFT calculations of the interface. These results suggested that CQDs
can improve the charge separation and light-harvesting properties of
TiO,. The photodegradation experiment indicated a significant differ-
ence in the photodegradation efficiency of CQDs/TiO, for benzene, p-
xylene, and toluene. The calculated adsorption energy of toluene is
higher than benzene and p-xylene on TiO, (001) surface. Also, toluene
demonstrated the ease in photodegrading compared to p-xylene and
benzene. Although the calculations were carried out only for the TiO,
(001) surface, it is predictable that these molecules will behave simi-
larly regarding (101) surface. At first, the gaseous pollutants are ad-
sorbed on CQDs/TiO, NPs. The adsorption experiment confirmed that
CQDs improved the adsorption of benzene ring containing VOCs. Under
UV-vis light illumination, the photoinduced electrons are excited to the
CB as the holes migrate within the VB. The photoexcited electrons and
holes generate 'OH and O»- radicals that have been confirmed from the
ESR results. The results recommended that more O'H radicals are
generated in CQDs/TiO» when compared with bare TiO,. These ‘OH
and O,- radicals further facilitated the efficient degradation of mixed
gas phase VOCs.
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4. Conclusion

A facile approach was used to prepare CQDs decorated TiO, nano-
composites. The variation in calcination temperature affected the
overall photocatalytic activity of CQDs decorated TiO, nanocomposites,
which led us to an optimum calcination temperature for better photo-
catalytic performance. CQDs decorated TiO, nanocomposites revealed
two essential aspects in the photodegradation of gas-phase mixed VOCs.
First, the hole-electron separation and light absorption properties were
significantly improved compared to pure TiO,, which were confirmed
by the PL and visible light photodegradation activity tests. Second, the
adsorption capability for the pollutant gas molecules was enhanced.
The first principle calculations further confirmed the critical role of
CQDs and the TiO, interface. For example, the new energy states in-
duced by the C 2p of CQDs framework evidenced the origin of enhanced
hole-electron separation compared to pure TiO,. The computational
analysis also differentiated the interaction among different aromatic
rings containing VOCs with TiO, (001) surface, which might affect their
photodegradation reaction. This study report in detail for the first time
the potency of CQDs/TiO, nanocomposites for the mixed gas-phase
volatile organic compounds photodegradation, which is important for
the future designing of clean, inexpensive, and efficient photocatalysts.
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