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Historically, titanium dioxide (TiO,) has been one of the most extensively studied metal oxide photocatalysts;
however, it suffers from a large bandgap and fast charge recombination. We report the use of green, rapid,
single-step continuous hydrothermal flow synthesis for the preparation of TiO,, and TiO, hybrids with
reduced graphene oxide (rGO) and/or N-doped carbon quantum dots (NCQDs) with significant
enhancement in photocatalytic activity. Using a solar light generator under ambient conditions with no
extra oxygen gas added, we observed the evolution reaction of the model pollutant (methylene blue) in real
time. Tailoring of the light absorption to match that of the solar spectrum was achieved by a combination
of materials of nano-TiO, hybrids of nitrogen-doped carbon quantum dots and graphene in its reduced
form with a photocatalytic rate constant of ca. 25 x 107> s7L Using a diversity of state-of-the-art
techniques including high-resolution transmission electron microscopy, transient photoluminescence, X-ray
photoelectron spectroscopy and high accuracy, sophisticated hybrid density functional theory calculations
we have gained substantial insight into the charge transfer and modulation of the energy band edges of

anatase due to the presence of graphene or carbon dots, parameters which play a key role in improving
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Accepted 16th March 2023 drastically the photocatalytic efficiencies when compared to pristine titania. More importantly, we prove

that a combination of features and materials displays the best photocatalytic behaviour. This performance is
delivered in a greener synthetic process that not only produces photocatalytic materials with optimised
properties and tailored visible light absorption and efficiency but also provides a path to industrialization.
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photocatalysis can readily harness freely available clean solar
energy to degrade organic contaminants,” reduce CO, into

1. Introduction

The continued exponential population growth and consequen-
tial industrial expansion and demands on planetary resources
have unleashed unprecedented and unsustainable pressure on
the environment as reflected by global water contamination (for
instance, 80-90% of wastewater is released untreated in Asia
and Pacific regions into surface-water bodies).! This is com-
pounded by advancing climate change, and is of great concern,
thus prompting urgent scientific research into renewable,
effective, and sustainable solutions. In this regard,
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renewable solar hydrocarbon fuels,® and generate hydrogen and
oxygen by the splitting of water when exposed to sunlight.*
Since the first report of the photocatalytic bleaching of dyes
in 1938,° titanium dioxide (TiO,) has been one of the most
extensively studied metal oxides and remains currently the most
feasible photocatalyst for industrial-scale applications. It does,
however, feature a large band gap energy (3.2 eV for its anatase
form), which remains a challenge in meeting the requirements
of visible-light applications. Integration with an active catalytic
surface which allows for efficient charge transfer and kinetics, is
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additionally identified as a limiting factor in achieving
outstanding photocatalytic performance.

Overcoming these challenges has led to the design of new
materials that has propagated the development of hybrid (e.g.,
with metal co-catalysts)* and/or heteroatom-doped nano-
structures that deliver visible light-responsive photocatalysts.
For example, the addition of carbonaceous material to the
surface of TiO, can induce and enhance visible-light photo-
catalytic activity.® Graphene, the first 2D material made of
a single or a few layers of sp> carbon atoms arranged in
a hexagonal array and conjugated electronic structure, with
a large surface area, can be hybridised in its reduced oxide form
with TiO,, to provide a photocatalytic system. These can be
developed to offer enhanced charge separation in electron
transfer processes and increases surface-adsorption of chemical
substrates (via w-m interactions) including pollutant mole-
cules.” An alternative approach has been found in the applica-
tion of the critically small carbon quantum dots (CQDs) with
dimensions < 10 nm. CQDs are composed of an sp” graphitic
carbon core with a shell surface consisting of a mixture of sp>
and sp® carbon decorated entanglements with a variety of
oxygen (and optional nitrogen) functionalities, with a poorly
defined electronic structure. The CQDs offer a variety of
advantages that include conductivity, a tuneable size-depen-
dent bandgap (1.8-3.1 eV) tailored to match solar light
absorption, that along with their small size facilitates short
charge transfer.® As such, when hybridised with TiO,, energy
levels are aligned forming heterojunctions (between 7t states of
the CQDs and the conduction band of the semiconductor)
resulting in enhancement of the charge lifetime separation.’

Configuring new arrangements of carbonaceous mixtures
with a catalytic support (TiO,) can provide unique solutions to
the photocatalytic challenges discussed via novel mechanisms.
The sp> carbon atoms from the CQD core and graphene in its
reduced oxide form could be very efficient in storing and
shuttling electrons, and the oxygen functional groups/dangling
bonds can play an important role in interconnecting the solid
components through hydrogen bonds and other physical
interactions, whilst nitrogen functionalities can manipulate the
ability of TiO, to harvest visible light.*®'* These can be achieved
by using a unique, versatile, continuous synthetic technology
that produces consistently high quality and large quantities of
nano-hybrids of choice, which would also offer a solution to one
of the challenges in photocatalytic material industrialization:**
scale-up.

The primary focus of this research was to establish a suit-
able, fast, and effective strategy for the discovery of highly effi-
cient visible light photocatalysts. Herein, we report the rapid
and tailored synthesis of nano-TiO, hybrids with nitrogen-
doped carbon quantum dots and/or reduced graphene oxide
(rGO), and their enhanced photocatalytic performance under
solar light using methylene blue dye as a model pollutant. The
materials were produced in continuous mode using a hydro-
thermal flow process that mixed supercritical water (450 °C,
24.8 MPa) with precursor solution(s) in a reactor to give the
product in fractions of a second. From the perspective of
a green, adaptive and economically efficient synthetic method,
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continuous hydrothermal flow synthesis (CHFS) has attracted
growing interest for the production of a new generation of
nanomaterials such as graphene, graphene quantum dots,
carbon quantum dots and their nanocomposites, offering
enhancement of their properties and expanding their area of
applications.” Reproducibility, an assurance of real-time full
control over of the reaction parameters, and delivering mate-
rials with optimised properties are just a few of the benefits of
CHFS.>»"' Our research has previously applied these particular
synthetic properties to the production of different metal
oxides,” and various carbonaceous materials (reduced gra-
phene oxide,” carbon quantum dots,’®* and graphene
quantum dots***'). This research adds further to the develop-
ment of continuous flow technology of photoactive-related
nanomaterials. A detailed analysis of the charge behaviour of
the CHFS-synthesised materials through a series of comple-
mentary techniques including transient photoluminescence, X-
ray photoelectron spectroscopy and density functional theory
calculations is reported. High-resolution transmission electron
microscopy was employed to study the morphology and particle
size of nano-hybrids, UV-Vis spectroscopy was used to provide
information about optical properties and bandgap determina-
tion, and X-ray powder diffraction and Raman spectroscopy
lend complementary information about the compositions and
crystallinity of nano-TiO, hybrids. Surface area values were also
determined using the nitrogen adsorption technique.

2. Experimental section
2.1 Chemicals

All the materials were purchased from commercial suppliers
and used without further purification. Methylene blue, anhy-
drous citric acid (C¢HgO,) and ammonia solution (NH; 32%)
were purchased from Fisher Chemicals (UK); titanium(iv)
bis(ammonium lactate)dihydroxide solution ([CH;CH(O-)CO,-
NH,],Ti(OH),, 50 wt% in water) was purchased from Sigma
Aldrich (UK). 15 MQ, deionized water (ELGA Purelab system)
was used in all experimental work.

2.2 Synthetic methodology

All materials were synthesised using an in-house constructed
CHEFS set-up'” operated at 450 °C and at a constant pressure of
24.8 MPa. The simplified CHFS schematic is shown in Scheme
1. It consists of a water pre-heater connected to a temperature
controller, three high-pressure pumps used for continuous
delivery of water and precursor feeds, a ‘I’ junction (facilitating
the mixing of the precursor(s)/auxiliary feeds), a counterflow
reactor equipped with a thermocouple (where the supercritical
water meets the precursor feed and the chemical process takes
place), a post-reaction pipe-in-pipe water cooler, a back-
pressure regulator (BPR) (that maintains a constant pressure
in the system) and a collection vessel (for the collection of the
final product aqueous mixture). Generally, in each experiment
pre-mixed (at the T-junction) feeds of an aqueous solution of
titanium(iv) bis(ammonium lactato)dihydroxide (0.2 M) and
a carbon precursor (graphene oxide, 1.0 mg mL™" and/or citric

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Continuous hydrothermal flow synthesis (CHFS) process detailing the synthetic protocols for: (a)-(d) production of TiO, and its
nanocomposites with reduced graphene oxide (rGO) and/or N-doped carbon quantum dots (NCQDs); (e) simplified representation of the CHFS

process.

acid, 70.0 mg mL ") and nitrogen source (ammonia, 1.0 M) were
delivered via the T-junction to meet a concurrently flowing feed
of sc-H,O in the mixing zone (reactor), whereupon the forma-
tion of nanocomposites occurred. Flow rates for each corre-
sponding pump were set as pump 1 = 20.0 mL min~', pump 2 =
5.0 mL min~", pump 3 = 10.0 mL min~". The product mixture
was then cooled, evacuated from the reactor, and collected for
further isolation, purification, and analysis.

2.3 Photocatalytic experiments

Solar simulator setup: an in-house system consisting of a labo-
ratory jack, a magnetic stirrer, and a quartz tungsten halogen
lamp (Osram 1 kW R7s 22000 Im linear halogen lamp) mounted
on a light intensity adjustable device cooled by an electric fan.
Lamp performance was verified using an Ocean Insight flame
optical spectrometer by measuring the tungsten halogen lamp
irradiance spectrum between 200 and 800 nm (see the irradi-
ance spectrum in Fig. S1}). This confirmed that the artificial
sunlight generated by the device contains 2.3% UV radiation
and 97.7% visible radiation, and the UV radiation is made of
40.6% UV-A radiation (320-400 nm), 6.2% UV-B radiation (280-

This journal is © The Royal Society of Chemistry 2023

320 nm), and 53.2% UV-C radiation (200-280 nm). It can
thereby be concluded that the solar lamp used in photocatalytic
experiments herein, and set under normal parameters, gener-
ated a spectrum which is very close to solar light and was
sufficient in providing the activation energy for photocatalytic
processes. Photocatalytic activities were also investigated under
visible light using a MinisolTM LED solar simulator (LSH-7320,
MKS Newport) irradiated at wavelengths ranging from 400 to
1100 nm (Fig. S11) and a light intensity of 50 mW cm > (0.5
sun). Visible light intensity studies (0.25, 0.5, and 1 sun) were
also performed on the best-performing sample and apparent
quantum (AQE) values were calculated (see the ESIT).

The photocatalytic activities of titania nanocomposites were
evaluated by the photodegradation of methylene blue (MB) in
water using the solar-simulator(s) set-up as described above.
Routinely, each photocatalyst (10.0 mg) was suspended in MB
aqueous standard solution (0.02 mM, 50.0 mL) in a glass beaker
(Corning Pyrex Griffin) equipped with a magnetic bead. The
solution was stirred in the dark for 30 minutes to ensure the
establishment of an adsorption-desorption equilibrium. The
reaction mixture was located at a distance (27 cm) from the light

J. Mater. Chem. A, 2023, 11, 9791-9806 | 9793
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source with stirring maintained for the whole photocatalytic
process period. The samples were irradiated for 180 minutes.
During the irradiation process, aliquots (10.0 mL) were
collected at 30-minute intervals, centrifuged to remove partic-
ulates (5 min at 4500 rpm), and analysed by UV-Vis spectro-
photometry  (Shimadzu  UV-1800) to  assess MB
photodegradation by its absorbance change at 660 nm. After the
UV-Vis analysis, the centrifuged material was resuspended in
the aliquot and returned to the initial reaction mixture. The
quantitative determination of MB was calculated using a cali-
brated correlation between the measured absorbance and its
concentration. The direct degradation of MB was measured as
a control in all photocatalytic measurements. Adsorption coef-
ficients were also determined using the Langmuir-Hinshel-
wood model (Table S17).

2.4 Equipment

Prior to analysis and testing, the samples were freeze dried
using a Heto PowderDry PL 3000 freeze-dryer. A Siemens D5005
X-ray diffractometer operating at 30 kW with a long fine focus
Cu K alpha radiation source (A = 1.54 A) was used to obtain X-
ray powder diffraction (XRD) patterns. A Kratos Axis Ultra DLD
photoelectron spectrometer with a monochromatic Al ka source
operating at 144 W was utilised for X-ray photoelectron spec-
troscopy (XPS) measurements. Samples were mounted using
conductive carbon tape. Survey and narrow scans were per-
formed at constant pass energies of 160 and 40 eV, respectively.
The base pressure of the system was ca. 1 x 10 ° Torr rising to
ca. 4 x 107° Torr during the analysis of these samples. It is
prudent at this point to state that all calibrations of the spectra
have been made to the Ti(2p;/,) peak taken to be 459.3 eV in line
with that of Diebold and Madey. Whilst, for example, the NIST
database has a mean value of ca. 458.5 eV, there is a significant
deviation (approx. 1.5 eV). Using lower values of the Ti(2ps/»)
peak (e.g. 458.5 eV), whilst giving stable Ti(2p) and O(1s) peak
energies, there is an unacceptable low binding energy deter-
mined for sp? and sp® carbon functions, equally fitting to the
sp® carbon taken to be 285 eV, resulting in a deviation in
binding energies of ca. 0.6 eV for the Ti(2p) and O(1s) signals.
Surface area analysis (SAggr) of the powders was performed by
the Branauer-Emmett-Teller (BET) method using a Micro-
metrics Gemini VII. The 5-point N, absorption method was
used. The powders were degassed prior to analysis at 180 °C for
2 h to remove any moisture using a FlowPrep 060 degasser. A
double-corrected JEOL ARM200F, equipped with a cold field
emission gun and set to 80 kv and 10 pA, was employed to
record high-resolution transmission electron microscopy
(HRTEM) images. Prior to imaging, the aqueous solution of
nanocomposites was deposited onto a holey carbon-coated Cu-
grid (400 um). Image analysis was performed using Image]
software. Scanning electron microscope (SEM) images were
recorded using a Hitachi SU-70 FEG instrument. Fourier-
Transform Infrared Spectroscopy (FT-IR) analysis was per-
formed using a Shimadzu IRAffinity-1S spectrophotometer
fitted with a Specac Quest ATR accessory (diamond 4000-
200 cm™'). Raman spectroscopy analysis of the as-synthesized
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materials was performed with a Horiba LabRAM HR Evolution
spectrometer (A = 633 nm). A PerkinElmer Lambda 950 UV-Vis
spectrophotometer fitted with an integrated sphere was used for
absorption measurements of the photocatalyst powders. The
spectra were converted to Tauc plots and the bandgaps of the
materials were calculated for indirect and direct transitions.” PL
decays were measured using TCSPC with an FLS1000 photo-
luminescence spectrometer (Edinburgh Instruments, UK)
equipped with a double emission monochromator and a high-
speed PMT detector (H10720). The TiO, suspensions were
excited at 375 nm by using a pulsed diode laser (EPL-375) and
the decays were measured at an emission wavelength of 450 nm.
The decays were fitted using reconvolution analysis with the IRF
in the FLS1000 Fluoracle software.

2.5 Theoretical calculations

DFT was used to calculate the equilibrium atomic geometry and
electronic structure of bulk TiO,, an unperturbed graphene
sheet, and two-dimensional slabs of TiO,, containing cuts of the
(001), (100) and (101) surfaces with and without a layer of gra-
phene adsorbed on the surfaces on either side of the slab. Plane-
wave DFT as implemented in the VASP code was used*™*
employing the hybrid exchange and correlation functional
HSE06,> which is known to reproduce well the lattice parame-
ters and main features of the energy band structure of TiO,.**
The projector augmented wave®” method was used to model the
interaction between core and valence electrons (with four
valence electrons for Ti and C and six for O). The total energy of
the TiO, anatase primitive unit cell was calculated using
a 600 eV plane-wave cutoff and a 6 x 6 x 6 I'-centred Mon-
khorst-Pack,* k-point mesh to sample the Brillouin zone (BZ),
which resulted in energies converged within less than 0.1 meV
per atom. The geometry of the primitive cell was optimised until
the interatomic forces were less than 0.01 eV A™. The plane-
wave cutoff of 600 eV, combined with an 8 x 8 x 1 k-mesh,
resulted in total energy convergence within 0.5 meV per atom
for the primitive cell of the two-atom unperturbed graphene
sheet. The geometry of the graphene sheet was optimised by
varying the bond length about the experimental value of 1.42 A,
calculating the total energy at each length (using five data
points), applying a parabolic fit to the energy versus bond length
trend and finding the minimum. A vacuum gap of 15 A was
maintained between neighbouring graphene sheets in the
periodic unit cell used in the simulations. The TiO, slabs con-
taining the (001), (100) and (101) surfaces were produced using
the surface cutting tools provided on the SAINT database.” In
each case, a 15 A vacuum gap was placed between periodic
images of the slabs. The slab thicknesses were: 27.3 A (001), 24.6
A (100) and 23.5 A (101). Geometry optimisation was performed
using the same approach as that adopted for the bulk systems.
The k-point meshes were chosen to maintain the density used in
the graphene simulations. The slab containing the (001)
surfaces was composed of 36 atoms, with a 6 x 6 x 1 k-mesh
used to sample the BZ; the slabs containing the (100) surfaces
and (101) surfaces were both composed of 84 atoms, with a 6 x
2 x 1 k-mesh used to sample the BZ. After optimisation,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta09586f

Published on 20 2023. Downloaded on 30/07/24 00:00:49.

Paper

graphene layers were added to these slabs, placing one layer
over each of the two surfaces in each slab model. To ensure the
calculations were tractable, strains of over 5% were introduced
to the graphene layers, allowing them to fit within the unit cells
of the slab models. For the slab containing the (001) surfaces, a 1
x 2 expansion of the unit cell was needed. The distance between
the graphene sheet and the adjacent surface was varied between
2.5 A and 3.5 A before optimisation, to search for possible local
minima. All slabs were optimised until the forces were below
0.025 eV A™'. The macroscopically averaged electrostatic
potential V;** as a function of distance z perpendicular to the
surfaces in the slab models, was computed for each slab, with
and without graphene, from the calculated potential containing
the Hartree and ionic contributions, using the MacroDensity
package.*** Combining the offset in V(z) between its value in
the vacuum layer and in the interior of each slab (AV) with the
energy of the valence band maximum of the bulk system, Eygpm,
ionisation potentials I were calculated as I = Eygy + AV. I and
electron affinity, A = —I + E,, where E, is the band gap of the
bulk system, can be used to determine the band edges on an
absolute scale, with the valence band (conduction band) posi-
tion given by —I (A).

3. Results and discussion

In recent years, various methods have been used to improve the
photocatalytic properties of titanium dioxide-carbonaceous
nanocomposites by altering or extending the TiO, anatase
photoactivity for radiation harvesting from UV to visible.*®
Whilst established synthetic processes are promising, they still
suffer drawbacks such as high energy and time consumption
demands, costly precursors, or experimental setup, batch to
batch quality discrepancies, and the inability to scale-up the
process from the laboratory to industrial production. The
continuous hydrothermal flow synthesis approach reported
herein addresses all the shortcomings of traditional methods
due to the system’s inherent precision control of reaction
parameters, that not only allows real-time tunability of the
material production process, but also reduces the time required
to assess the best synthetic experimental conditions consider-
ably. CHFS has previously been applied to TiO, synthesis;** the
uniqueness of this work is that we simultaneously and homo-
geneously generate titanium dioxide anatase nanoparticles,
NCQDs and reduce graphene oxide. The experimental details
are shown in (Scheme 1a-d).

In general, pre-mixed (at the T-junction) feeds of titanium(v)
bis(ammonium lactate)dihydroxide and a carbon precursor
(graphene oxide and/or citric acid) were delivered to meet
concurrently with a flowing feed of sc-H,O (450 °C and a pres-
sure of 24.8 MPa) in the mixing zone (reactor) for nano-
composite formation. After cooling, the product mixture was
collected for isolation and purification. The as-produced hybrid
structures did not require any post-thermal processing; instead,
the nanomaterials were characterized and used for further
analysis and photocatalytic testing as described in the
following.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

3.1 Characterisation of the photocatalyst materials

High-resolution transmission electron microscopy (HRTEM)
reveals the morphological architecture of the TiO, and TiO,-
carbonaceous nanocomposites as shown in Fig. 1. The TiO,
mean particle size is ~5.0 nm in diameter with a lattice spacing
of ca. 0.33 nm (Fig. 1e) and assigned to the (101) plane of
anatase.> Table S1t shows the average particle size values of
TiO, photocatalysts, with no variation observed (values fall
within reported standard deviation). The NCQDs exhibited
a spherical morphology with a mean particle size of ~3.4 nm
with an in-plane lattice spacing of ca. 0.22 nm (Fig. 1e) and were
identified as a graphitic core arrangement® with the graphene
sheets consisting of 5-8 layers. The corresponding selected area
electron diffraction pattern (insets in Fig. 1a-d) of each sample
confirms the existence of the crystalline TiO, anatase phase and
influence due to the presence of an amorphous carbon phase in
the TiO,-carbonaceous nanocomposites. A close interaction
between the TiO, nanoparticles and NCQDs as a solid-solid
direct interface was observed, as shown in Fig. 1e. In the case of
TiO,-rGO (Fig. 1c) and TiO,-NCQDs-rGO (Fig. 1d), the TiO,
nanoparticles and NCQDs are dispersed over the 2D layer,
creating extensive interfacial interactions across the entire
surface of the rGO layers and interlayers. Scanning electron
microscopy (SEM) images for TiO,-NCQDs-rGO (Fig. 1f) sup-
ported HRTEM analysis for the layered structure of reduced
graphene oxide.

The small particle sizes observed by HRTEM correlated with
the large surface area of the as-synthesised CHFS material
measurements by SAggr for the pristine titania and its hybrids
(compiled in Table $17) ranging from 232 m?> g~ for TiO, to 253
m? g~' for the TiO,-NCQDs-rGO nanocomposite. Such high
specific area values would be expected to increase the activity of
the nano-hybrids through increased adsorption of pollutant
molecules (model methylene blue dye) and irradiation photons.
Of course, other variables, including structural and surface
properties of the photocatalysts, must be considered when
comparing the activities of different materials.

For further investigation of the structures and composition
of TiO, photocatalysts and its hybrids, Raman spectroscopy and
XRD analysis were undertaken (Fig. 2). Characteristic Raman
vibrations for the CHFS-synthesised samples of TiO, anatase
presented an E, band located at 146 cm ™' and 641 cm ™', a By
band located at 398 cm™ ', and an A, band positioned at
513 cm ™', all in good agreement with the literature.®® Adding
a carbonic phase (reduced graphene oxide) to the material, not
only were the expected appearance of the D (ca. 1345 cm™ ') and
G (ca. 1595 cm™ ') vibrational bands observed, but these bands
for all rGO containing hybrids were noticeably blue shifted (D-
band) and red shifted (G band). It should also be noted that
the standard E, vibrational mode at 144 cm™' was also red-
shifted for TiO,-rGO (150 cm™'), and TiO,-NCQDs-rGO
(152 em™), respectively. This red shift could be assigned to the
charge transfer process occurring between the TiO, nano-
particles and its hybridised carbonaceous materials.*” This
would be in line with the XPS, and modelling data discussed
later. Interestingly, the D and G vibrational modes are missing

J. Mater. Chem. A, 2023, 11, 9791-9806 | 9795
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Fig. 1 High-resolution transmission electron microscopy (HRTEM) images of: (a) TiO,, (b) [TiO,—~NCQDs], (c) [TiO,-rGO], (d) [TiO,—~NCQDs-—
rGO]. Each TEM image has an inset of a corresponding selected area electron diffraction pattern. (e) Lattice fringes of TiO, and NCQDs in TiO,—
NCQDs, and (f) scanning electron microscopy image of TiO,—NCQDs-rGO showing reduced graphene oxide (rGO) layers. Sample labelling key:

yellow — NCQDs, red — TiO,, white — rGO.

for TiO,-NCQDs, most likely due to a too low NCQD content in
the samples for Raman analysis, but nanocomposite NCQDs are
accounted for in the XPS analysis later.

Lending further insight and complementary support for our
findings, XRD analysis (Fig. 2b) showed characteristic diffrac-
tion peaks for TiO, anatase (JCPDS 21-1272) in all cases. The
diffraction peak at 260 = 12.2° indicated the presence of the
carbonic phase [002] and was observed for all samples. Criti-
cally, interactions between TiO, and NCQD and/or rGO are
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observed by X-ray photoelectron spectroscopy (XPS) and are
discussed next.

The XPS analysis of TiO, nanoparticles (Fig. 3) reveals the
characteristic Ti(2p) spin-orbit split peaks, the binding energy
of the Ti(2ps/,) peak recorded at 459.3 eV; the corresponding
O(1s) peak is composed of two peaks corresponding to Ti-O
lattice oxygen (530.6 eV) and surface OH/CO, (531.8 eV), an
N(1s) signal at 400.7 eV is also found, consistent with fragments
in the starting material for the synthesis of the nano-TiO,. For

This journal is © The Royal Society of Chemistry 2023
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Fig.2 (a) The Raman spectra with anatase TiO, E4 vibrations in the inset and (b) the XRD patterns of CHFS-synthesised nano-TiO, hybrids with
nitrogen-doped carbon quantum dots and/or reduced graphene oxide revealing characteristic diffraction peaks for anatase and carbonic

phases.

a better understanding of the interaction between the carbon
phase and oxide phase, the high-resolution XPS spectrum of
carbon (1s) was recorded for all the samples, Fig. 3a. It is worth
noting that compared to the pure TiO,, the survey spectra of all
samples exhibited higher intensity in carbon originating from
graphene and/or carbon quantum dots. The addition of NCQDs
to pristine TiO,, resulted in asymmetry to the lower binding
energy side of the C(1s) envelope, characteristic of the sp”
graphitic core peaks at binding energies of 284.5 eV (sp’
component was measured at 285.4 eV). The difference in the
binding energy of the sp> component is possibly indicative of
the difference in the attachment of the NCQDs to the TiO,, or
the charge states of the TiO, and NCQDs on the surface. Addi-
tional C(1s) peaks at 286.7 and 289.4 eV were noted and
ascribed to C-O/C-N and COO moieties respectively, whilst
N(1s) species at 400.7 eV is again characteristic of C-N/NH,
functions.

The TiO,-rGO complex has peaks centred at 284.5, 285.1,
286.8 and 289.4 eV, again characteristic of sp”, sp?, C-O/C-N

and COO- functionalities as noted previously. N(1s) signals are
found at 398.5 and 400.7 eV representative of C=N-C and C-N
type functions. The N presence in rGO is not unexpected as it is
considered a consequence of the incorporation of nitrogen from
the reaction process. In the case of TiO,-NCQDs-rGO nano-
material, the high-resolution carbon spectra again show char-
acteristic peaks for sp® (here the w-m* shake up structure is
particularly evident) and C-N/C-O bonds, together with sp® and
the addition of C=O0O functions. For TiO,-NCQDs-rGO, the
N(1s) spectra, whilst showing the presence of the 400.7 eV, C-N/
-NH, peak, there is a 0.5 eV deviation in the lower binding
energy species (399.0 and 398.5 eV, respectively), the lower peak
typically ascribed to -NH- or C=N species.*® XPS confirms the
relationship between TiO, with NCQDs, and with rGO; despite
signals absent from Raman spectroscopy mentioned earlier for
TiO,-NCQDs, as well as from XRD for TiO,-rGO.

FT-IR spectroscopy analysis (Fig. 4) reveals the distinctive
overlapping stretches (2700-3500 cm™ ") due to the presence of
hydroxyl groups (-OH, -COOH) on the surface of TiO,, and its
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TiO, :\ (b)
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Fig. 3 High resolution spectra of (a) Cls, (b) Ols, (c) N1s, and (d) Ti2p, for TiO, and its carbonaceous nanocomposites.
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Fig. 4 FT-IR spectra of the CHFS-synthesised photocatalysts.

nanocomposites, as well as protonated amino groups for TiO,
nanocomposites of NCQDs and/or rGO, along with the expected
C-H stretching vibrations (2950 cm ™).

Additional peaks may be assigned for C=0O/COO-
(1641 cm™"), C=N (1532 cm ') and C-N (1460 cm™ ') in the
TiO,-NCQDs supporting XPS data stated earlier. For the TiO,-
rGO-related materials, the presence of oxygen functionalities on
the rGO surface was supported by stretches for C=0/COO-
(1627 em™'), C-OH (1396 cm ') and C-O-C vibrations
(1068 cm™'), which are diminished when compared to

View Article Online
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graphene oxide precursor indicating the reduced form being
present. The absorption band at ca. 1543 cm™ " may be assigned
for graphene-based hybrids that are related to the skeletal
vibration of the sheets;* however, this peak may overlap with
the characteristic stretch for C=N of NCQDs in TiO,-NCQDs-
rGO. The broadening of peaks observed for TiO, nano-
composites below 1000 ecm™ ' may correspond to TiO, coordi-
nating through a combination of interactions, Ti-O-Ti and Ti-
0O-C, with the carbonaceous materials.*

A photocatalyst with a bandgap that corresponds to solar
light and can efficiently maximise energy utilisation would as
such be highly desirable. In this regard, the light absorption
properties of the as-synthesized photocatalysts were investi-
gated using diffuse reflectance UV-Vis spectrophotometry as
profiled in Fig. 5, where bandgap edge values were quantified
based on collected measurements.

Characteristically, the TiO, (Fig. 5a) nanoparticles demon-
strated a strong UV absorption below 400 nm; however, the
absorption edge shifted from the UV to visible when TiO, was
combined with reduced graphene oxide (rGO). This phenom-
enon was also observed for TiO,-NCQDs, but at a lower inten-
sity. Significantly, it is by the incorporation of NCQDs into TiO,-
rGO that an appreciable increase in UV and visible radiation
absorption was realised, offering the possibility of improved
light-harvesting performance. The quantified bandgap edge
values (Fig. 5b and c) were calculated using the Tauc plot, either
for direct and indirect transitions (relationship of [ahv]" versus
photon energy, where n = 2 for direct transition or n = 1/2 for an
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Fig.5 Optical properties of the CHFS-synthesised materials: (a) UV-Vis absorption profiles, and Tauc plot profiles (ahv)” versus photon energy hy
are shown for (b) direct (n = 2) and (c) indirect (n = 1/2) bandgap transitions of all photocatalyst materials. (d)—(f) The resulting extrapolated band
gap edge £4 (eV) values shown for all photocatalyst materials. Methodology of bandgap determination for the representative sample of TiO, and

its quantified E4 values for (d) indirect and (f) direct transition.
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Fig. 6 (a) Transient photoluminescence spectra of TiO, and TiO,—carbonaceous nanocomposites and (b) tabulated data showing lifetime (ns)

and charge transfer rate (sec™?) values.

indirect one) for each corresponding photocatalyst. The
bandgap for anatase TiO, was calculated to be 3.2 eV, whereas
the bandgap values of TiO,-carbonaceous hybrids were noted to
be substantially reduced. Extending photocatalyst absorption
into the visible region of the electromagnetic spectrum by
primarily narrowing the bandgap is generally regarded as one of
the most difficult aspects of designing photocatalytic material.
These optical studies have demonstrated that using CHFS to
manufacture TiO, and its carbonaceous nanocomposites
provided materials with improved properties when compared to
anatase, such as an enhanced ability to absorb visible radiation.
Nevertheless, the photo-response of these modified catalysts is
highly dependent on the characteristics of the type of dopant
and as well as dopant optimal concentration. Crucially, fast
interfacial electron transport that minimise electron-hole pair
recombination (produced when a photon is absorbed), as well
as the lifetime of charge separation, play key roles in the pho-
tocatalytic activity of a material.

To quantify the interfacial charge transfer process between
TiO, and nitrogen-doped carbon quantum dots (NCQDs) and/or

TiO,-NCQDs-rGO 93.45%

TiO,-NCQDs

37.46%

(@

T T T T
0 20 40 60 80 100
Conversion (%)

reduced graphene oxide, the transient photoluminescence (PL)
studies were performed using time-correlated single-photon
counting (TCSPC) at an excitation wavelength of 375 nm. The
normalized PL decays (Fig. 6a) show a decrease in the rate of
decay for the nanocomposites of TiO, with rGO and NCQDs.
The slowest decay is observed in the case of TiO,~-NCQDs-rGO
(6.13 ns). Since PL is the result of the recombination of photo-
generated electrons and holes, slower decay means that this
recombination is suppressed in the presence of rGO and/or
NCQDs due to efficient charge separation.**

If it is assumed that the difference in the TiO, emission
lifetime (t) is exclusively due to interfacial charge transfer
between TiO, and NCQDs and/or rGO, then the rate constant for
electron transfer, kgr, can be determined. Previous studies*!
have estimated kgr using:

P 1 n
FI'™ (TiO,)  (TiO, hybrid)

To determine the emission lifetime, the experimental data
were fitted with multiexponential decays and the average

TiO,-NCQDs-rGO 2524
TiO,-NCQDs

18.76

(b)

0 10 20 30
Rate constant (10'5x s")

Fig. 7 (a) Photo-response activities of TiO, and hybrid nanomaterials showing photodecomposition of methylene blue (a) the final %
conversation (C = final concentration to Co = initial concentration, C/Cqy x 100) for each photocatalyst during the total solar light exposure
period and, (b) first-order rate constants. In both graphs, control = methylene blue.
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lifetimes were calculated for all samples and were used to
evaluate the electron transfer rate constants (Fig. 6b) using eqn
(1). Comparison of the interfacial charge transfer rate constants
with trends for photocatalytic activities of the nanocomposites
(Fig. 7) was found to be complimentary. The greatest charge
transfer rates were obtained when TiO, was combined with
NCQDs and graphene, in particular for TiO,-NCQDs-rGO (2.6
x 10® s71). This reflects the photocatalytic performances of TiO,
and its carbonaceous nanocomposites, and the influence of
intimate contact between TiO, with NCQDs, and/or rGO.

The presence of NCQDs not only improves the composite's
interfacial charge transfer but also can influence the photolytic
efficiency. This was highlighted by the longer lifetimes and
charge transfer rates observed for TiO,-NCQDs and TiO,-
NCQDs-rGO when they are compared with TiO, and TiO,-rGO
samples.

3.2 Photocatalytic activity measurements

The TiO, and its carbonaceous nanocomposites were examined
for their ability to photodegrade a model dye pollutant (meth-
ylene blue, MB) under a solar light simulator (Fig. 7). The photo-
response was assessed by measuring the concentration of MB at
30-minute intervals over a total irradiation time of 180 minutes.
The conversion of MB (C = final concentration, C, = initial
concentration, (C/C, x 100)) for each of the photocatalytic
nanomaterials during the total solar light exposure period was
recorded (Fig. 7a). The photocatalytic reaction rate was deter-
mined using the first-order kinetics (In(C/C,) = —k't),2 where
In(C/Cy) vs. time exhibited a linear relationship in all the cases,
and the rate constant, X, was determined from the slope. A
control experiment involved the direct photodegradation of MB
dye in the absence of a catalyst under the same solar irradiation
conditions. Different light sources including full-spectrum solar
light (>2200 nm) and visible light only (>A400 nm) Were investi-
gated, and the irradiation spectra are shown in Fig. S1.}

Most of the carbonaceous TiO, nanocomposites (N-doped
carbon quantum dots and/or reduced graphene oxide)
revealed remarkable improvement in photocatalytic activity, in
particular, TiO,~NCQDs-rGO with 93% conversion of MB in the
allotted 180 minutes, and significantly, a 6-fold photocatalytic
rate enhancement (25.24 x 107 s~') over that of TiO, alone
(Fig. 7b). The photocatalytic activities are comparable to the
lifetimes of photogenerated charge carriers (as determined
from TPS and shown in Fig. 6), with longer lifetimes correlating
with improved photocatalytic activity. Furthermore, the addi-
tion of rGO enhances the adsorption capacity towards methy-
lene blue via either or a combination of their respective
anionic-cationic interactions and possible aromatic -stacking
and/or C-H-t interactions with the dye. As a consequence, the
adsorbed reaction substrates can effectively react with photo-
generated key active species (e.g., electrons/holes, hydroxyl
radicals, and superoxide radicals) on the surface of the nano-
hybrid, enhancing the photoredox activity. Indeed, TiO,-
NCQDs-rGO which exhibited the highest photocatalytic activity,
also had a high adsorption coefficient (Table S17). In all cases,
the formulations of hybrids through CHFS synthesis have
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proven to be more efficient in delivering enhancement of cata-
Iytic activities when compared to TiO, alone.

Furthermore, under visible light (A > 400 nm), the hybrid
materials perform outstandingly, and the photo-response
activities (reaction rate and MB degradation) are shown in
Fig. S3.7 The best-performing catalyst, TiO,-NCQDs-rGO, was
selected to investigate the effect of changing light intensity
(0.25, 0.5, and 1 sun) on the degradation of MB dye, and the
results are shown in Fig. S4.1 It should be noted that increases
in light intensity (from 0.5 to 1 sun) did not result in appreciable
improvements in degradation efficiency. This indicates that at
50 mW cm 2, the optimum number of photons required for
efficient photocatalytic degradation was obtained (0.5 sun).
Tables S2 and S3t show the corresponding AQE values for
different light sources and light intensity variations (A > 400
nm), respectively. It was observed that an increase in light
intensity corresponds to an increase in AQE, which is consistent
with reported research (see the ESIt).

Tailoring the optical properties of titania and controlling its
electronic structure have been the subject of research primarily
because thay are related to optimisation of its functionalities.
Hybridisation with other nanostructures such as carbon
quantum dots, results in the formation of new electronic
structures (type II heterojunctions) and an increase in the
photo-response. This form of arrangement has been shown to
not only increase the visible light harvesting potential whilst
also extending the lifetime of photogenerated carriers (elec-
trons and holes) through internal charge transfer. These
phenomena are further enhanced by the substitutional doping
and the addition of a heteroatom, N,** present in all CHFS-
synthesised materials discussed. Graphene can also act as a co-
catalyst when hybridised with titanium dioxide. With an elec-
tron conductive nanosheet and a lower Fermi stage, 2D gra-
phene can act as an electron reservoir in accepting, transporting
and shuttling the electrons produced by photoexcitation of
TiO,, enhancing charge carrier separation and transfer to
participate in photo-redox processes (decomposition of methy-
lene blue dye). Hence, multilevel/route electron transfer is
possible with the hybrid structures of TiO, and carbonaceous
materials reported herein (Scheme 2).

3.3 Density functional theory (DFT) calculations

To gain further insight into how the rGO layer (or carbon
quantum dots) affects the position of the electronic energy band
edges of the anatase system, and what charge transfer occurs if
any, an idealised TiO,-graphene model was subjected to density
functional theor