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ARTICLE INFO ABSTRACT

Keywords: Conventional TizCyTy used in photocatalysis usually has properties that are detrimental to the process such as
H}’brid photocatalysts thick layers, a micro-sized structure with low transparency, and a high concentration of fluorine terminals.
Tio, Herein, we demonstrate the synthesis of ultrathin, nano-sized Ti3C,Tx with abundant oxygen-containing groups
Ig[(f(;r:;yst (=0 and —OH) and high transparency (designated as N-Ti3CTy) as an alternative cocatalyst in liquid and gas

phase photocatalysis. N-TigCoTx is prepared by a two-step process that involves etching Al from TizAlCy via
fluorine treatment followed by simultaneous exfoliation and fluorine reduction. N-Ti3CyTy is then coupled with
TiO, via hydration and dehydration approaches to form a photocatalyst (TiOp-N-Ti3CyTy) with distinct
morphology and surface chemistry. The small size of N-Ti3CyTx facilitates a strong interfacial contact with TiOs,
thereby enhancing electron transport between TiO, and N-Ti3CyTy, and electron-hole separation; and (2) the
high transparency of N-TisCyTx facilitates photon-TiO, interactions. As a consequence, the photocatalytic ac-
tivity of TiOo-N-TizCyTx is superior to that of pristine TiOg, TiO2 coupled with thin, micro-sized TizCyTy that is
characterized by low transparency and fluorine terminals, and the widely used TizCyTx-based photocatalyst
synthesized by thermal nucleation of TiO2 on Ti3CyTy. The high photocatalytic activity of TiOa-N-TizCyTx is also
attributed to the presence of abundant = O and —OH terminals on N-Ti3CyTy that boosts pollutant adsorption.
The study provides a rational approach for coupling TiO, and Ti3CyTy to promote beneficial charge transfer
properties and synergistic effects that have far-reaching applications in photocatalysis.

Gas and liquid phase reactions

can adsorb a variety of molecules and ionic species [4,5]. The distinctive
properties of TisCoTy highlighted have impelled the design of

1. Introduction

Two-dimensional transition metal carbides and nitrides, known as
MXenes, have received immense attention since their discovery at
Drexel University in 2011 [1]. The general formula of MXenes is
My 1XnTn, where M is early transition metal, X is carbon or nitrogen,
and T is surface functional terminals (= O, -OH, and/or —F). The most
widely used MXene is titanium carbide (Ti3CyTx) and is characterized by
unique properties that are of massive benefit to photocatalysis: (1) high
mobility of charge carriers that can promote migration and separation of
photoexcited electron-hole pairs [2], (2) Ti sites on TizCyTy surface that
may provide stronger redox reactivity compared to the traditional car-
bon material [3], and (3) unique surface chemistry of TigCyTx repre-
sented by its hydrophilic nature and abundant functional terminals that
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Ti3CyTx-based photocatalysts with the aim of increasing mobility of the
charge carriers, reactant adsorption, and surface reactivity. In this re-
gard, numerous Ti3CoTy-based photocatalysts such as BiOBr-TizCyTx,
CdS—TigCng, Ag3PO4—Ti3C2Tx, RUOZ—TiOZ—Ti3C2TX, g—C3N4—Ti3C2TX
and CuFep04-TisCyTx have been designed and employed in various
applications including water splitting, O, production, N5 fixation, and
bacterial inactivation [6-12].

Hybrids formed by coupling Ti3CoTx and TiO; have emerged as a
promising family of environmental photocatalysts, in which the result-
ing Schottky junction formed between them leads to effective separation
of photo-generated electron-hole pairs, while the presence of functional
terminals on TigCpTyx (particularly, =O and -OH groups) facilitates
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pollutant adsorption and degradation on the catalyst surface. One
approach that has been utilized to synthesize TiO»-TizC2Tx hybrid is the
nucleation of TiO, nanoparticles on TigCyTy surface through thermal
treatment. The hybrids produced by oxidation of TisCyTx at elevated
temperatures (160-800 °C) have shown noticeable performance in
photocatalytic degradation of environmental pollutants [13-18]. How-
ever, the conversion of a Ti layer into TiO, sacrifices the structural
integrity of TizgC2Tx and possibly reduces its ability to accept the pho-
togenerated charges, undermining the benefit of utilizing Ti3CyTx in
photocatalysis. As an alternative approach, coupling commercial TiOy
with thin/layered, micro-sized Ti3CyTy through hydration and dehy-
dration has been used to produce TiO,-Ti3CyTx hybrid while preserving
the structural integrity of Ti3CoTy [4]. However, the average size of
Ti3CyTy used (several hundred nanometers to a few micrometers) in
coupling is significantly larger than that of TiO, nanoparticles (typically
in the range of 20-200 nm). This considerable size difference can
diminish the quality of interfacial contact formed between TiO, and
TizCyTy, and in turn, impede the mobility of charge carriers in the hybrid
structure. Also, light transmittance of Ti3C,Ty is linearly dependent on
its thickness that decreases with the number of layers and is independent
of wavelength. For instance, a transmittance of 68% was attained by a
17-nm thin film of Ti3CyTy, indicating 32% of incident light was
absorbed or scattered [19,20]. The photon interaction with the semi-
conductor (TiO3 nanoparticles) is a critical first step in photocatalysis as
it yields the reactive oxygen species; therefore, a cocatalyst that
potentially obstructs penetration of photons to TiOy is undesired.
Furthermore, the conventional Ti3CyTy used in photocatalysis is typi-
cally terminated by fluorine groups that are inevitably attached to the
surface during the fabrication process. These terminals are undesired in
photocatalysis as they mitigate the adsorption of pollutants on the sur-
face of MXene-based photocatalysts [4,21-23]. For the full potential of
TigCyTx-based photocatalysts to be realized, the aforementioned chal-
lenges that are directly connected to the photocatalytic process would
have to be addressed.

A recent study reveals that ultrathin MXene (TizCaTx film with
thickness of less than 2.5 nm) possesses a transmittance of 90% while
returning high conductivity exceeding 6500 S cm™! [24]. Also, a pre-
vious investigation involving the coupling of TiO, and graphene sug-
gests utilizing a nano-sized graphitic structure as opposed to a
micro-sized one as it maximizes the interfacial contact and promotes
electron-hole separation [25]. Hence, it is reasonable to hypothesize
that coupling ultrathin, nanosized Ti3CoTx and TiO; has the potential to
maximize the interfacial contact in TizCyTx-TiO2 photocatalysts and
promote migration and separation of charge carriers without inter-
rupting photon flux to TiOs. Therefore, herein, we demonstrate syn-
thesis of ultrathin, nano-sized Ti3CoTy (N-Ti3CyTy) that is characterized
by high transparency and abundant = O and -OH groups (reduced
fluorine content), and subsequent coupling with TiO; to produce a
hybrid photocatalyst (designated as TiOo-N-Ti3CyTy). The photo-
catalytic activity of the photocatalysts was evaluated in liquid phase via
methylene blue (MB) degradation and in gas phase via NOy oxidation.
Our results reveal the superior photocatalytic activity of
TiOo-N-Ti3CyTy in comparison to pristine TiO3 and TiO3 coupled with
thin, micro-sized TigCyTy (TiO2-M-TizCyTy) that is characterized by low
transparency and fluorine terminals on the surface. Comprehensive
morphological, optical, and chemical characterization of the photo-
catalysts has enabled elucidation of the observed differences in photo-
catalytic activity. Our findings will benefit current efforts aimed at
exploiting the outstanding properties of MXenes in the design of efficient
hybrid photocatalysts.

2. Experimental section
2.1. Synthesis of M-Ti3CaTy and N-TisCaTy

The reaction between HCI and LiF was exploited to etch Al from MAX

Journal of Physics and Chemistry of Solids 170 (2022) 110875

phase (Ti3AlCy) and exfoliate the sheets to produce M-TizCaTyx [26,27]. 1
g of LiF (Sigma-Aldrich, USA) was added to freshly prepared 9 M HCl
(Sigma-Aldrich, USA) aqueous solution. The mixture was stirred for 10
min to dissolve the salt, followed by the slow addition of 1 g Ti3AlC,
powder (Carbon, Ukraine; particle size: 40 pm). The mixture was
maintained at 40 °C for 36 h. Thereafter, the resulting residue was
washed repeatedly with DI water after centrifugation (10 min per cycle
at 4000 rmp) until the pH of the supernatant reached approximately 6.
The final product was filtered using a nylon filter and dried in air. Tet-
rapropyl ammonium hydroxide (TPAOH) treatment was used to further
exfoliate the M-TigCyTx and produce N-Ti3CyTy. Two grams of
M-Ti3CyTy was immersed in TPAOH (25 wt% aqueous solution;
Fisher-Scientific, USA) and stirred for three days at room temperature.
Thereafter, the resulting residue was collected by cycles of centrifuga-
tion with water and ethanol and dried in air. A schematic illustration of
the fabrication process for M-TigCyTx and N-Ti3CyTy is shown in Fig. 1a.

2.2. Synthesis of TiO2-M-TizC2Ty and TiO2-N-TisCsTy hybrid
photocatalysts

Anatase TiO5 nanoparticles (100 nm) were first treated with 3-ami-
nopropyl-trimethoxysilane (APTMS; Fisher-Scientific, USA), following
the procedure reported by Lee et al. [28], to facilitate the interaction
between TiO5 and TizCyTx. For synthesis of TiO2-M-Ti3Cy Ty hybrids, two
solutions were first prepared. Solution A: 40 mg of TiO was dispersed in
40 mL distilled water by sonication for 50 min. Solution B: a specific
weight percentage of M-Ti3CyTx (2.5, 5, 10, 15 or 30 wt% with respect to
TiO3) was dispersed in 10 mL distilled water by ultrasonication for 50
min. Then, solution B was added dropwise to solution A under stirring
and the resulting mixture was stirred for 50 min. Thereafter, the
TiO2-M-Ti3CoTy hybrid was collected by centrifugation and dried in air.
For synthesis of TiOy-N-TizCyTy, the same procedure was followed
except M-TigCyTy was replaced with N-Ti3CyTy. The schematic illus-
tration of the fabrication process for TiOo—N-Ti3C2Ty is shown in Fig. 1b.
For comparison, TiO,—O-Ti3CoTy was also synthesized by calcination of
300 mg of M-TizCyTyx in air at 450 °C for 4 h. TiOp,-N-TizCyTx and
TiO2-M-Ti3CoTx were synthesized following the process used in the
synthesis of TiOo-N-Ti3CeTx and TiO2-M-Ti3CyTx but by using TiOs
(Degussa P25).

2.3. Characterization

Images were acquired with a scanning electron microscope (SEM,
Hitachi S4700 II cFEG) at an accelerating voltage of 10 kV using the
secondary electron detector. Transmission electron microscopy (TEM)
was conducted with a Thermo Fisher Scientific G2 Tecnai F30 FEG high-
resolution microscope. SEM and TEM were used to characterize the
morphologies of TigCoTy and the synthesized photocatalysts. For TEM, a
small amount of the sample was dispersed in ethanol by sonication and
drop cast on a copper microgrid coated with lacey carbon. The images
were acquired at an accelerating voltage of 300 kV. Fourier transform
infrared (FTIR) was exploited to detect the presence of functional groups
on the surface of Ti3CyTyx and the hybrid photocatalyst. FTIR spectra
were recorded on a Cary 630 Agilent spectrometer at a resolution of 4
cm~!. Raman spectroscopy was utilized to study the compositions and
surface functional groups of Ti3CyTx and the hybrid photocatalysts.
Raman spectra were obtained by Renishaw InVia Raman microscope
with an excitation wavelength of 532 nm. X-ray photoelectron spec-
troscopy (XPS) was used to probe the surface chemistry of TigCyTx and
the hybrid photocatalysts. XPS data were collected using a PHI 5000
VersaProbe II (Physical Electronics Inc.) system at ultrahigh vacuum (1
x 107 bar) with a monochromated Al k, X-ray source. The charge
compensation was achieved with a combination of electron and argon
ion flood guns. The X-ray beam size was 100 pm and survey spectra were
recorded with pass energy (PE) of 117 eV, step size of 1 eV and dwell
time of 20 m s; whereas high-energy resolution spectra were recorded
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Fig. 1. Schematic illustrations of the synthesis steps of N-Ti3CyTy (a) and TiOp-N-Ti3CyTy (b).

with PE of 47 eV, step size 0.1 eV and dwell time of 20 m s. Auto-z (i.e.,
automated height adjustment to the highest intensity) was performed
before each measurement to find the analyzer’s focal point. The number
of average sweeps of each of the elements was adjusted (5-15 sweeps) to
obtain the optimal signal-to-noise ratio. Raman and XPS data were fit to
Gaussian curves by OriginPro® [29].

Optical properties of Ti3CyTy and the hybrid photocatalysts were
studied using a variety of spectroscopic techniques. UV-Visible (UV-Vis)
spectra were obtained using a Shimadzu UV-2600 spectrometer with
BaSO, as the background material. Photoluminescence (PL) spectros-
copy was utilized to investigate electron-hole recombination in the
hybrid photocatalysts. PL spectra were acquired via a spectraMax i3x
multi-mode microplate reader over the range of 400-700 nm using an
excitation wavelength of 360 nm. Electron paramagnetic resonance
(EPR) spectroscopy was employed to detect the generation of eOH
radicals on the hybrid photocatalysts using 5,5-dimethyl-1-pyrroline N-
oxide (DMPO, Enzo Life Sciences, Plymouth Meeting, MI, USA) as a spin
trap. In brief, an aliquot (950 pL) of aqueous dispersion of the hybrid
photocatalyst (1 mg in 5 mL water) was mixed with 50 puL aqueous so-
lution of DMPO to a final spin probe concertation of 100 pM. The
mixture was exposed to UV-light for 5 min to generate e¢OH radicals,
then sampled into borosilicate EPR tubes (100 pL) for subsequent EPR
analysis (SpinscanX, ADANI, Minsk, Belarus). The formation of DMPO
spin adducts was quantified by calculating the total area under the curve
via double-integration of the characteristic EPR peaks using GRAMS/
AI™ Spectroscopy Software (Thermo Scientific™, Version 9).

2.4. Photocatalytic activity evaluation

2.4.1. Liquid phase

Photocatalytic activity of TiO, and synthesized photocatalysts in
liquid phase were evaluated by the degradation of MB in a batch reactor
under UV light irradiation at room temperature and pH = 7. In a typical
experiment, an aqueous solution of MB (8 mL of 0.04 mg/mL) was

placed in the batch reactor, and 4 mg of photocatalyst was added under
constant stirring. In the dark, the mixture was stirred for 30 min to
achieve adsorption and desorption equilibrium between the photo-
catalyst and MB. Thereafter, the stirring was continued under UV illu-
mination and a small amount of slurry was taken every 5 min and
analyzed by UV-Vis spectroscopy. The illumination system consists of
two 25 W UV lamps (Sylvania 21703) without reflectors and the main
wavelength of the lamp is 356 nm. Prior to UV-Vis analysis, the pho-
tocatalyst was recovered by centrifugation; MB concentration was
determined by recording the change in absorbance at 664 nm. Based on
the experimental data, the photocatalytic degradation of MB was fitted
to a pseudo first-order reaction:

c _
Lok
Co

where k is the apparent constant of reaction rate, c is the concentration
of MB, and t is the reaction time.

2.4.2. Gas phase

Photocatalytic activity of TiO, and synthesized photocatalysts in gas
phase was evaluated by the oxidation of NOy in a continuous flow
reactor, described elsewhere [30,31]. A substrate coated with a photo-
catalyst was loaded into the reactor and irradiated with UV light for 1 h
under continuous airflow to remove adsorbed contaminants. Then, the
light was turned off and the NOy was introduced to the reactor for
adequate adsorption of gaseous molecules on the photocatalyst surface.
After 30 min, the light was turned on and the reaction was monitored at
1.0 ppm NOx with a total airflow of 3000 sccm at a relative humidity of
50%. After 2 h of reaction, the light was turned off and NOx was allowed
to re-equilibrate. Average concentrations of NO, NO, and NOy were
determined by averaging all data obtained during the oxidation
reaction.

To compare the photocatalytic activity, DeNOy index, an objective
figure of merit for photocatalytic NOy abatement, was utilized. DeNOx
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index quantifies the net NOy removal by considering NO conversion and
product selectivity, defined as the percentage of NO completely oxidized
to nitrates versus the total amount of NO oxidized to NO,. To calculate
DeNOx index, the photonic efficiency for NO, NO;, and NOy was first
calculated using Equation (1) [32].

(ca = Ci)VP

€= @ART

@

where ¢ is the photonic efficiency of a given specie; cq is the species
concentrations in the dark; c; is the species concentrations under illu-
mination; V is the volumetric flow rate; p is the pressure in system (1
atm); ¢ is the photon flux at the photocatalyst surface (dependent of
light wavelength and intensity); A is the catalyst irradiated area; R is the
gas constant; T is the temperature.

The calculated photonic efficiencies were then used to calculate the
DeNOy index and the selectivity by using Equations (2) and (3),
respectively.

DeNO, index= &y, (3 — g) 2)
évo

S= oNos 3
Evo ®
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3. Results and discussion
3.1. Characterization of M-TigCoTy and N-TizCoTy

3.1.1. Morphology

From the SEM image of Ti3AlC; in Fig. 2a, the characteristic smooth
surface of MAX phase is apparent. After etching the MAX phase with LiF
and HC], the resulting exfoliated M-Ti3CyTy (Fig. 2b) exhibits the typical
morphology of MXene produced by the so called “minimally intensive
layer exfoliation” process [33]. Subsequent treatment with TPAOH
yielded highly exfoliated MXene flakes as verified by the SEM image in
Fig. 2¢, where the separated flakes can be easily observed. It is clear from
the TEM images (Fig. 2d and e) that the flakes of N-TigCyTx are thinner
and smaller than those of M-Ti3CyTyx. TEM-derived lateral dimensions of
M-Ti3CyTy and N-Ti3CoTx were determined by averaging the length
(longest distance) and width (shortest distance) of MXene sheets,
following the approach reported by Xia et al. [34]. For both M-TizCyTx
and N-Ti3CsTy, lateral dimensions of 106 sheets were first determined
and the dimensions obtained are shown using a histogram with a curve
of the fitted log-normal distribution (Fig. 2g and h and Fig. S1). Our
analysis reveals that the average lateral dimensions of M-Ti3CyTy and
N-TizCTx are 1.34 + 0.5 pm and 181 + 86 nm, respectively. The
HR-TEM image of N-TizCyTyx (Fig. 2f) confirms the sheets are ultrathin,
and the corresponding fast Fourier transform (FFT) reveals a highly
crystalline lattice of N-Ti3CyTyx basal plane. UV-Vis spectra of M-TizCoTx

70 48 920 . .
sol8 M-Ti;C,T,| 421h N-Ti,C,T, e:_", go] NThCoTy |
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Fig. 2. SEM images of Ti3AlC, (a), M-Ti3CxTy (b), and N-TizCyTx (c). TEM images of M-TizCyTx (d) and N-TizCyTy (e). HR-TEM image of N-Ti3CyTy (f) and the FFT
pattern corresponding to the yellow square in f (inset). Dimension distribution histograms of M-Ti3C,Ty (g) and N-Ti3CyTy (h) from TEM images. UV-Vis spectra of

M-Ti3C,Ty and N-Ti3C,Ty dispersions in water (i).
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and N-Ti3CoTy dispersions in water (Fig. 2i), reveal a transmittance of
approximately 65% for N-Ti3CeTyx and 40% for M-TizCyTy, indicating
N-Ti3CyTyx is more transparent than M-Ti3CyTy. The strong absorption
peak below 300 nm is attributed to the optical glass cuvettes used in the
measurement.

Further structural characterization of the MXenes was carried out
using XRD and Raman spectroscopy. XRD spectra of Ti3AlCy, M-Ti3CyTy,
and N-Ti3CyTy are presented in Fig. 3a. The peaks at 26 = 9.5°, 19.2°,
34.0°, 36.8°, 39.0°, 41.8°, 44.9°, 48.5°, 52.4°, 56.5°, and 60.3° are
indexed to the (002), (004), (101), (103), (104), (105), (106), (107),
(108), (109), and (110) planes of Ti3AlCy, respectively [35,36]. The
decrease in structural order and crystallinity are apparent after Al
etching, as evidenced by the broadening of the diffraction peaks of
M-Ti3C2Ty and N-Ti3CyTy. For M-Ti3CyTy, the (002) peak broadens and
shifts to lower angle (26 = 6.2°) due to the increase in d-spacing, which
is a consequence of expansion of the lattice from Al removal and
introduction of terminal functional groups. Interestingly, the shift in
(002) peak is regarded as an indication of the successful exfoliation of
MXene sheets [36]. In the case of N-Ti3C,Ty, the (002) peak also shifts to
lower angle (26 = 5.5°), indicating a change in surface terminal groups
and the formation of highly exfoliated sheets. In both M-Ti3CyTx and
N-TizCyTy, the peaks at 35.9 and 41.7 can also be ascribed to TiC im-
purities, most likely formed during the fabrication process of Ti3AlCy
[37]. Raman spectra of TigAlCy, M-Ti3CyTy, and N-TizCyTyx are shown in
Fig. 3b. The decrease in the intensities of peaks in the region between
200 and 700 cm ™! for M-Ti3CyTy and N-TisCy Ty after Al etching is due to
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their structural deterioration and loss of crystallinity, which is consistent
with the XRD results [1,36,38]. The phenomenon is accompanied by
broadening of Raman peaks corresponding to the D-band (~1319 cm™})
and G-band (~1596 cm™1); these features are usually apparent after
exfoliation of MXenes and generation of graphitic carbon and defects
[39,40].

3.1.2. Chemical properties

It has been shown that the lattice vibration of Ti3CyTy is very sen-
sitive to the type of terminal functional groups attached to the surface
[41,42]. Raman spectroscopy is therefore a powerful tool for investi-
gating the surface chemistry of Ti3CyTy. In this regard, the Raman
spectra of M-TigCyoTx and N-TizCyTx were deconvoluted into three re-
gions as shown in Fig. 3c and d. The three regions in M-TizCyTx (Fig. 3c)
are classified as the flake region, functional terminal region, and carbon
region. First, the flake region between 100 and 210 cm ™! corresponds to
a group vibration of carbon and two Ti layers. In this region, the two
peaks at 154 and 190 cm™! represent the in-plane vibrations of surface
Ti2 and C atoms in Ti3Cy and the out-of-plane vibration of Ti2 and C
atoms in TigCoFs, respectively [39,43,44]. Second, the functional ter-
minal region between 210 and 500 cm ™! corresponds to the vibrations
of surface groups. In this region, the peaks at 251, 399 and 430 cm ™! are
assigned to the in-plane vibrations of surface groups attached to Ti
atoms in Ti3C20(OH), TizCe(OH), and TisCoO(OH), respectively [42].
Third, the carbon region between 500 and 800 cm ™! corresponds to
in-plane and out-of-plane C atom vibrations. The peaks at 599 and 709

b
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Fig. 3. XRD spectra of TizAlCy, M-Ti3C,Ty and N-Ti3C,Tx (a). Raman spectra of TizAlC,, M-Ti3C,Ty and N-TizC,Ty (b). Deconvoluted Raman spectra of M-Ti3CyTx ()

and N-Ti3CyTy (d).
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cm ™! are attributed to out-of-plane vibration of C atoms in Ti3C204 and
TigC20(OH),, respectively [42], whereas the peak at 622 em! s
assigned to the in-plane vibration of C atoms in Ti3Co(OH)s [39,45]. In
the case of N-TizCyTx (Fig. 3d), the appearance of peaks at 347 em lin
the functional terminal region (corresponding to the in-plane vibration
of functional groups in TizCz02) and 514 cm™! in the carbon region
(corresponding to the out-of-plane vibration of C atoms in TizC3(OH)2)
reveals the change in surface groups upon treating the M-Ti3CoTyx with
TPAOH [42,44]. The change in the terminal functional groups of
M-Ti3CyTx upon TPAOH treatment was corroborated by FTIR analysis,
evidenced by peaks corresponding to C-O, C=0, OH and COOH
exhibiting substantially higher intensities in N-Ti3CTy than M-TigCyTy
(Fig. S2).

To further investigate the surface chemistry of TizCyTyx, high-
resolution XPS of Ti 2p, O 1s and C 1s core levels were conducted for
M-Ti3CeTyx and N-TizCyTx and the results are shown in Fig. 4. For M-
Ti3CyTy, the Ti 2ps,2 (2p1,2) spectrum (Fig. 4a) was deconvoluted into
six peaks, corresponding to Ti—C, Ti(Il), Ti(Il), Ti(IV), TiO.4+Fx and Ti-F.
The peak at 454.4 (460.6) eV is assigned to Ti-C and originates from the
interior Ti atoms in M-Ti3CyTx [18,46,47]. The peaks at 455.7 (461.8),
457.7 (463.3) and 458.8 (464.5) eV correspond to Ti oxidation states
and can be attributed to OH/O-Ti*'-C, OH/O-Ti*>*-C and TiO,,
respectively [46,47]. The peaks at 459.5 (465.2) and 460.5 (466.5) eV
are assigned to TiOyFx and C-Ti-F [48]. The O 1s spectrum was
deconvoluted into five peaks (Fig. 4b) at 529.7, 530, 530.6, 531.8 and
533.1 eV and assigned to TiOy TiOy4Fy C-Ti-Ox, C-Ti-(OH)x and
H50,4s, respectively [20,46,48]. The deconvolution of C 1s spectrum
produces seven peaks (Fig. 4c) at 281 and 282.2, 284, 284.7, 285, 286
and 288.7 eV and are attributed to C-Ti-Tx, C=C, C-C, C-H, C-O and
COO, respectively [46,48-52]. XPS peak fitting shows the dominant
terminals on M-Ti3CyTy surface are = O, —OH and -F, consistent with the
Raman analysis.

For N-Ti3CyTy, the binding energies of Ti peaks are shifted to lower
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values (Fig. 4d), most likely due to the introduction of defects as a result
of TPAOH treatment—a phenomenon that has been observed in transi-
tion metal carbides [48]. The Ti-C, (OH or 0)-Ti?**-C, (OH or 0)-Ti**-C,
TiO5 and C-Ti-Fy are located at 453.8 (459.5), 455.8 (461.5), 457.0
(462.7), 457.6 (463.5) and 458.4 (464.4) eV [39,48,53]. The peaks
corresponding to TiO (528.9 eV), C-Ti-Ox (531.4 eV) and C-Ti-(OH)y
(530.4 eV) in O 1s region are preserved (Fig. 4e) [39,46]. In C 1s region
(Fig. 4f), the peaks corresponding to C-Ti, C-Ti-Ty, C=C, C-C, and C-O
are located at 280.3, 282.7, 284, 285 and 286.7 eV, respectively. In
comparison to M-TisCyTy, the intensity of peaks corresponding to sp> C
and sp3 C in N-Ti3C,Ty is higher, indicating an increase in the amounts
of graphitic carbon and defects in N-Ti3C,Ty as observed in the Raman
results. In contrast to M-Ti3CyTy, no peak corresponding to TiOo 4Fx is
observed in the Ti 2p and C 1s of N-Ti3CyTx. We therefore conclude that
TPAOH treatment reduces the amount of fluorine on the surface of
Ti3CyTx. Besides, the high-resolution XPS spectra in F 1s region show the
decrease in the intensity of Fyx peak for N-Ti3C,Tyx in comparison to that
of M-TigCyoTx (Fig. S3). This observation, corroborated by FTIR and
Raman analysis, indicates the N-TigC,Ty is mainly terminated by = O
and -OH functional groups. It is worth mentioning that the adsorption of
pollutants such as MB, CO, and thiophene on Ti3CyTy surface is pri-
marily controlled by -O and —OH functional groups [4,21-23]. Hence,
the role of TPAOH is not only beneficial in altering the morphology of
MXene, but also in adapting the surface chemistry for enhanced
pollutant adsorption.

3.2. Characterization of TiO2-N-Ti3C2Ty and TiO2-M-TisCoTy
photocatalysts

TEM was utilized to investigate the morphology and interfacial
contact between Ti3CsoTy and TiO, in TiO2-M-Ti3CoTy and
TiO2-N-TizCaTx hybrid photocatalysts. Fig. 5a and b reveal the highly
exfoliated and transparent N-Ti3CyTyx is in direct contact with TiOg
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Fig. 4. High-resolution XPS spectra of M-Ti3CxTx in (a) Ti 2p, (b) O 1s and (c) C 1s. High-resolution spectra of N-TizC,Ty in (d) Ti 2p, (e) O 1s and (f) C 1s.



A. Al Mayyahi et al.

Journal of Physics and Chemistry of Solids 170 (2022) 110875

Fig. 5. TEM images of TiO,-N-Ti3C,Ty at different magnifications (a, b and c¢). TEM images of TiO»-M-Ti3C,Ty at different magnifications (d, e and f).

nanoparticles, and the high-magnification image (Fig. 5c) reveals the
intimate interaction between N-TizCyTx and TiOp nanoparticles. The
strong interfacial contact between N-Ti3CyTx and TiO, undoubtedly
improves the quality of the junction formed between them, and is ex-
pected to facilitate charge carrier mobility across the interface. On the
other hand, even though M-Ti3CyTy is exfoliated, the sample is thicker
than N-Ti3CyTy, and the TiOz nanoparticles tend to aggregate on the
edges of M-Ti3CyTy (Fig. 5d and e). In addition, the high-magnification
image in Fig. 5f shows the poor interfacial contact between TiOy
nanoparticles and M-TisCTx — in fact, only a small fraction of the
nanoparticles is in direct contact with M-Ti3CyTy due to the low-quality
junctions formed between the two components. The charge carrier
mobility across the interface in TiO2-M-Ti3CoTy is therefore diminished
in comparison to TiO2—-N-TizCaTx.

XRD spectra of TiOp-N-TizCyTx and TiO,-M-TizCyTx photocatalysts
are shown in Fig. S4 a and b, where the peaks ascribed to anatase TiO5
are obvious and consistent with the literature [54,55]. For
TiOo-N-Ti3CyTy, the (002) peak of TizCoTx was not detected at low
concentration of N-Ti3C,Ty, an observation that is consistent with our
previous study whereby low amounts of SWCNTs were coupled with
TiO to facilitate electron-hole separation [56]. However, the peak in-
tensity increases with concentration of N-TizCyTy. A similar trend was
observed for TiO3-M-Ti3CoTy, whereby the (002) peak of TizCoTx be-
comes dominant at high concentration of M-Ti3C,Ty. No peak associated
with Ti3AlC, was detected in both photocatalysts and the position of
(002) peak for N-Ti3CoTy is still located at a lower angle than that of
M-Ti3CyTy as observed in Fig. 3a, an indication that the highly exfoliated
TigCyTx did not restack after coupling with TiOs.

The Raman spectra of the pristine TiO, and TiOy modified with
different concentrations of N-Ti3CyTy and M-Ti3CoTy are shown in
Figs. S4c and d. The Raman spectra reveal the four characteristic peaks
attributed to anatase vibration modes of TiO5 [57,58]. Because the
amount of N-Ti3CyTx and M-Ti3CyTy in the hybrids is small compared to
that of TiO,, no peak corresponding to TizCyTy is observed in the spectra
of TiO2-N-TizCyTx and TiO2-M-Ti3CyTyx. However, at high concentra-
tions of N-TizCoTy and M-TisCyTy, the intensities of these dominant
anatase vibrational modes dramatically decreased, indicating the

existence of Ti3CyTy in the photocatalysts. To analyze the chemical
composition of TiO2-N-Ti3zCyTx and TiO2-M-Ti3CoTy, XPS analysis was
conducted and the results are summarized in Fig. S5. Because Ti and O
coexist in both TigC,Tx and TiO3 and to avoid the possible overlap of the
distinct peaks of TiO3 and TizCyTy in Ti 2p and O 1s regions, our surface
analysis of the compounds focuses on the high-resolution C 1s spectrum
because carbon does not naturally exist in both compounds. The C 1s
spectrum for TiO2-N-Ti3C,Tx was deconvoluted into six peaks (Fig. S5a)
at 281, 283.2, 284, 284.6, 285.8 and 288 eV and attributed to T-C,
Ti-C-0, C=C, C-C, CO and COO, respectively. On the other hand, the C
1s spectrum of TiO-M-TigCyTx (Fig. S5b) reveals peaks associated with
Ti-O-C, C=C. C-C, CO and COO and located at 283.6, 284.3, 285.1,
286.4 and 288 eV, respectively [50,59], further confirming the existence
of Ti3CyTy in the photocatalysts.

3.3. Photocatalytic activity of TiO2-N-TisC2Ty and TiO2-M-TizCoTy in
liquid phase

The photocatalytic activity of TiO-N-TizCaTx and TiO2-M-TizCoTy
in the degradation of MB (Fig. 6a, b and c) is sensitive to the amount of
Ti3CyTy in the hybrid photocatalysts. Significant improvement in the
photocatalytic activity of TiO, was achieved when the amounts of
N-Ti3CyTx and M-Ti3CyTy in the hybrids were 30 wt% and 2.5 wt%,
respectively; these compositions were considered as the optimum for the
respective photocatalysts. The rate constant (k) for MB degradation
using the optimized TiO,-N-Ti3CyTx photocatalyst with 30 wt%
N-Ti3CyTy is 0.046 min’l, which is over three times higher than that of
TiO5 (0.013 min™}), and two times higher than that of optimized TiO,-
M-TisCoTy with 2.5 wt% MTisCTx (0.023 min ). Self-
photosensitization of MB under UV light is not considered as MB
removal in the absence of a photocatalyst was negligible (data not
shown for the sake of brevity). Interestingly, TiO2-N-Ti3CyTx shows
extremely high photocatalytic activity when compared to TiOj.
—O-TizCyTx as shown in Fig. 7a and b. The nucleation of TiO, nano-
particles on TigCyoTx surface and subsequent generation of
TiOo-0-Ti3CyTy by thermal oxidation was confirmed by TEM, FT-IR and
PL analysis as shown in Fig. S6. The rate constant obtained for reaction
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Fig. 6. Photocatalytic degradation of MB using TiO,-N-Ti3CyTy (a) and TiO,-M-TizCyTy (b) as a function of the amount of Ti3C,Ty in the hybrids. Rate constant for
MB photodegradation using TiO»-N-Ti3CoTy and TiO»-M-Ti3CoTx as a function of amount of TizCyTy (c). TiO» coupled with 2.5 wt% N-Ti3C,Ty and 30 wt% M-
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120% | [ Ti0;O-TisC,T, [ TIO,N-TisC,T,

oL 4 —
100% S g
80% h
i3
O 60%-

40% -

20%+

0%
0 5 10 15 20 25 30

Time (min)

b
0.050
0.040

&~ 0.030]

£

E

< 0.0204
0.010
0.000

Ti0,-0-Ti,C, T, TiO,-N-Ti,C,T,

Fig. 7. Photocatalytic degradation of MB using TiO»,-O-Ti3CyTyx and TiO,-N-TizC,Ty (a). Rate constant for MB photodegradation by TiO»,-O-Ti3CoTyx and

TiOo-N-TisCoTy (b).

over TiOo-N-TizCyTy is 20 times higher than that of TiOo—O-Ti3CoTy (k
=0.002 min~ 1. Furthermore, TiOo-N-Ti3CyTy exhibited good stability
in four consecutive MB degradation experiments (Fig. S7).

Direct comparison of the activity of TiO,-N-TizCyTx with other state-
of-the-art photocatalysts in the literature can be misleading without a
good understanding of the photocatalytic reaction conditions. There-
fore, for meaningful comparison with our work, photocatalyst concen-
tration, light wavelength, MB concentration and MB removal percentage
from recent seminal studies are summarized in Table S1. It is clear that

TiOo-N-Ti3CoTy exhibits superior performance to other state-of-the-art
photocatalysts especially at relatively low catalyst amount.

To rationalize the superior photocatalytic performance of
TiOo-N-Ti3CyTy, we probed the PL emissions of TiO3, TiO2-M-TizCoTx
and TiOo-N-Ti3CyTy. Fig. 8a shows the quenching in PL intensity after
the addition of Ti3CyTy, in which TiO2,-N-TizCoTy shows the lowest in-
tensity. Since PL emissions are generated from free carrier recombina-
tion, a lower PL intensity indicates higher electron-hole separation [60].
The PL intensities reveal decreased electron-hole recombination was
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Fig. 8. PL spectra of TiO,, TiO2-M-Ti3CyTy, and TiO2-N-Ti3C,Ty (a); and EPR spectra of DMPO-hydroxyl radical spin adducts produced from TiO,, TiO5-M-TizCyTy,
and TiO,-N-Ti3C,Ty in aqueous dispersion (0.2 mg/mL) after 5 min of UV irradiation (b).

achieved in TiO5 that is coupled with N-TizC,Ty, which we attribute to
the intimate interfacial contact between them, as verified earlier by TEM
(Fig. 5¢). The generation of eOH radicals on the catalyst surface, a key
step in the photocatalytic degradation process, is generally attributed to
the interaction between photogenerated holes and water molecules
[61]. This claim is supported by our results in Fig. S8 that show poor MB
degradation by TiO2-N-Ti3CyTx in the presence of a hole scavenger
(ethanol). To investigate the generation of ¢OH radicals on TiO5 and the
hybrid photocatalysts, EPR with a DMPO spin trap approach was uti-
lized. As shown in Fig. 8b, the peaks detected in EPR spectra of TiO,,
TiO2-M-TizCoTx and TiOy-N-TisCoTx were negligible before light
exposure.

Contrarily, after 5 min of light irradiation, the three photocatalysts
show noticeable peaks which are attributed to the photogeneration of
eOH radicals [2,62]. The intensity of EPR peaks detected in the presence
of TiO2-N-Ti3CyTx was greater than that of pristine TiOz and TiO-M--
TigCyTy; the areas under the characteristic DMPO quadruplet spectra of
TiOz, TiOZ-M—Ti:;CzTX’ and Ti027N7Ti3C2TX were 230, 243.5, and 260 (a.
u.), respectively. Based on EPR theory, the areas calculated via
double-integration are proportional to the number of spin adducts
formed by eOH radicals and DMPO integrated [63], and therefore,
higher values indicate higher concentration of e¢OH radicals on catalyst
surface. The EPR analysis further confirms the effective electron-hole
separation in TiOo-N-Ti3CoTy and subsequent generation of ¢OH radi-
cals on the surface. As shown earlier, the UV-Vis data reveal the high
transparency of N-Ti3CyTy, indicating its presence in the hybrid struc-
ture does not hinder light penetration to TiO, which ensures excellent
photon-TiO, interactions during photocatalytic reaction, as opposed to
the thick M-TigCyTx with relatively lower transparency.

Furthermore, it has been shown that the positively charged MB
molecules can be easily adsorbed on negatively charged terminals
(particularly, on oxygen-containing terminals) of Ti3CyTy, leading to
their subsequent removal from water [21,22]. Hence, it is reasonable to
hypothesize that the abundant oxygen-containing terminals on
N-Ti3CyTy are also contributing to the superior degradation of MB
achieved by TiOo-N-Ti3CoTy. To test the hypothesis, we reduced the
number of sites available for MB adsorption through sodium
ion-intercalation. It has been shown that upon dispersion of Ti3gCyTyx in
NaOH aqueous solution, the negatively charged groups on the surface
are compensated by Na™ [64]. The attachment to the negatively charged
functional groups, which occurs most likely via ionic bonds, should
reduce the available sites for MB adsorption and as a result hamper the
non-photocatalytic route for MB removal. N-TisC,Ty with Na*, desig-
nated as Na-Ti3CyTy was obtained after treatment with NaOH. The
presence of Na* on MXene surface was confirmed by XPS as shown in

the high-resolution scan in Fig. S9, where a peak at 1072 eV, attributed
to Na*, is detected [65]. Na-TizCoTy was then coupled with TiO; to
produce a hybrid structure (designated as TiO2-Na-TizC2Tx), which was
also used in photocatalytic removal of MB. Results in Fig. 9a and b show
MB removal by TiOy-Na-TizCyTx is lower than that achieved by
TiOo-N-Ti3CoTy. The reduction in catalyst activity upon using
Na-TizCyTx as a cocatalyst instead of N-TizCoTy is attributed to the
decrease of sites available for MB adsorption and subsequent decrease in
the removal rate of MB by the non-photocatalytic route. It is important
to highlight the following: (1) treating MXene with NaOH does not
compromise its ability to separate the photogenerated charges [4]; (2)
although adsorption of MB on Na-Ti3CyTx can still occur via ion ex-
change between MB and Na', previous investigations showed that the
attachment of adsorbates on functional terminals of MXene is dominated
by electrostatic attraction and hydrogen bonds [21,22,66]. We therefore
conclude that the high photon-TiO; interaction and MB adsorption, as
well as the reduced electron-hole recombination are responsible for the
superior photocatalytic activity of TiOp—N-TizCaTx.

For liquid-phase reactions, pH of solution is an important factor that
should be considered as it impacts both the surface charge of photo-
catalysts and the generation of eOH radicals. Hence, we conducted the
degradation of MB in acidic and basic solutions using TiO2-N-TizCyTx
photocatalyst (Fig. 10a and b). In basic solution (pH = 11), the photo-
catalytic activity is significantly lower than that achieved at neutral
environment (pH = 7). In the basic solution, the generation of ¢OH
radicals is suppressed due to deprotonation of photocatalytic reaction
intermediate on TiOp [67], and hence, the degradation rate of MB de-
creases. In addition, it has been suggested that increasing the basicity of
the solution (i.e. pH > 8) favors electron-hole recombination on catalyst
surface [68], which could be another reason for the observed reduction
in the photocatalytic activity. In contrast, at pH = 2, the photocatalytic
removal rate of MB decreased slightly compared to that at pH = 7. Since
previous investigations imply that increasing the acidity of solution has
no influence on the generation of ROS [68,69], this slight reduction in
photocatalytic activity is attributed to the reduction in MB adsorption on
N-TizCyTx. In acidic solution, the negative zeta potential of N-TizCyTx
decreases, and in turn, decreases the electrostatic attraction between the
cationic MB and N-Ti3gCy Ty surface [70], inhibiting the adsorption of MB
on the catalyst surface and subsequent MB removal via the
non-photocatalytic route.

3.4. Photocatalytic activity of TiO2—-N-Ti3CoTy and TiO2-M-TisCoTy in
gas phase

To demonstrate the versatility of N-TisCyTx as a cocatalyst in
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photocatalytic applications, we coupled N-TizCyTx with TiOy and the
resulting hybrid was used in the photocatalytic degradation of NOy. The
activity of TiOo-N-Ti3CoTy was evaluated by NO conversion and NOy
storage selectivity (Fig. 11a) and DeNOx index (Fig. 11b) and compared
to pristine TiOz and TiO2-M-TizCyTx. TiO2 exhibited reasonable NO
conversion (53%), but produced massive amount of NO with low NOy
storage selectivity (58%) and a negative DeNOy index (—0.101), in
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agreement with previous reports [71-73]. In other words, TiO5 oxidizes
NO to NOs but fails to further oxidize NO; to other less toxic compounds
such as nitrate and nitrite. Due to the high amount of NO, produced by
TiO4 and the higher toxicity of NO, than NO, it is apparent that TiO, is
an ineffective photocatalyst for NOy abatement. NOy storage selectivity
and DeNOy index achieved by TiOp-M-TizCaTx were 62 and -0.055,
respectively, indicating the inadequacy of utilizing TiO2-M-Ti3CyTy in
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Fig. 11. NO conversion and NOy storage selectivity (a) and DeNOy index (b) for TiO,, TiO3-M-Ti3zC,Ty, and TiOp-N-TizCyTy.
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photocatalytic NOy oxidation. In contrast, TiOo—-N-Ti3CoTy exhibited
high NOy abatement performance, with very high NOy storage selec-
tivity (85%) and a positive DeNOy index (0.215) while maintaining the
same NO conversion (55%). The high photocatalytic NOyx removal ach-
ieved by TiO2-N-Ti3CyTy is attributed to the high photon-TiO; inter-
action and the reduced electron-hole recombination in TiO3—N-Ti3CoTx.
It is noteworthy that recent studies dealing with gas sensor fabrication
suggested that NOy adsorbs effectively on oxygen-contain groups of
MXene, where it can be stored in the form of other less toxic compounds
(i.e. nitrite) [74,75]. Hence, it is reasonable to hypothesize that the
abundant oxygen-containing groups available on N-TizCyTx provide
adoption sites for NOy in TiOo-N-Ti3CyTy, enabling the removal of NOy
through a non-photocatalytic route as well.

3.5. Charge carrier dynamics and photocatalytic activity of
TiOQ—N—Ti;;CZTx and Ti02-M-Ti3C2TX

A schematic illustrations of charge carrier dynamics in
TiOo-N-Ti3CyTy and TiO2-M-TizCyTx and subsequent removal of MB and
NOy are illustrated in Fig. 12a and b. It is well known the conduction
band (CB) and valence band (VB) of TiO- are located at —0.29 and 2.91
eV (vs. normal hydrogen electrode), respectively. For Ti3AlC,, the va-
lance state which is located below the Fermi level (Eg) is split into two
sub-bands: (1) Ti 3d-Al 3p orbital close to the Eg (Band I) and (2) the
hybridized Ti 3d-Al 3s and Ti 3d-C 2p orbitals (Band II). After Al etching
from Ti3AlC, and the formation of Ti3CyTy, Band II is dominated by Ti 3d
and C 2p, and linked to Band I. Therefore, the weaker Ti-O coupling in
energy state II results in the metallic phase of Ti3CyTy [2].

TigCyTx has a Er of —0.04 eV with high density of free carriers (8 + 3
x 10%' ¢m™3) and electrical conductivity (4600 + 1100 S cm™ D).
Consequently, the energy level of CB of TiO; is more negative than the
Fermi level of Ti3CyTy, making it possible for photoexcited electrons to
travel from CB of TiO; to Ti3CyTy, leaving holes in VB. In contrast to
TiO2-M-Ti3CoTy, the concentration of electron-hole pairs is high in
TiOo-N-Ti3CoTyx due to the high transparency of N-Ti3CoTx and the

Journal of Physics and Chemistry of Solids 170 (2022) 110875

intimate interfacial contact between TiO, and N-Ti3C,Ty. Electrons and
holes react with oxygen and water molecules, respectively, to form eOH
radicals (most active ROS in MB and NOy degradation) and e O,
radicals that are also capable of degrading MB and NOy pollutants. This
phenomenon is robust in TiO2-N-Ti3C,Ty due to the intimate interfacial
contact between TiO; and N-TizCyTx. Also, the abundant oxygen-
containing terminals on N-Ti3CpTx in TiO2-N-TizCyTx can act as
adsorption sites to facilitate the non-photocatalytic removal of MB and
NOx.

4. Conclusions

We have successfully fabricated N-Ti3CyTx with high transparency
and abundant = O and —OH terminals using TPAOH as an exfoliating
and fluorine-reducing agent. Coupling TiO, and N-Ti3CyTy results in a
hybrid catalyst with unique morphology and surface chemistry, as well
as outstanding photocatalytic activity in liquid and gas phases. The
photocatalytic performances achieved by TiO2-N-TizCyTx in liquid
phase and gas phase reactions are superior to those of other well-known
TiOo-TizCoTy hybrids. Results show that due to the small size and high
transparency of N-TigCyTy, it exhibits intimate interfacial contact with
TiO, that enables effective electron-hole separation without interrupt-
ing photon flux to TiO. In addition, the unique surface chemistry of
N-TizCyTy facilitates efficient pollutant adsorption. Our findings show
that N-Ti3CyTyx is a promising and high-performance cocatalyst with
TiOs. Therefore, the utilization of N-TizC2Ty as an alternative cocatalyst
to conventional TigCyTx would enable the outstanding properties of
MXenes to be fully exploited in photocatalysis.
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