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Abstract

In this study, TiO2/MX composites were fabricated via controlled air calcination of Ti3C2Tx
MXene at 200-600 °C to tailor their phase composition and surface chemistry. The optimized
TiO2/MXS5 photocatalyst (500 °C) achieved the highest H> production rate of 287 umol g-! h-!,
representing a 25.4 fold improvement over pristine MXene. The outstanding performance arises
from a synergistic structural optimum combining high anatase -crystallinity, preserved
mesoporosity, abundant surface defects (In/Ig), and the retention of active Ti-F species, which
collectively promote efficient charge separation and suppress carrier recombination. This work
provides a simple and scalable strategy for engineering MXene-derived photocatalysts for solar-

driven hydrogen production.

Keywords: TisCoTx MXene; Controlled oxidation; Surface fluorination; Anatase TiO2,

Photocatalytic hydrogen evolution
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1. Introduction

Fossil fuels release greenhouse gases and harmful pollutants during combustion, significantly
affecting air quality and worsening climate change. There is an urgent need to shift to renewable
hydrogen, as hydrogen produces only water vapour during combustion, with no emissions of
carbon dioxide or other greenhouse gases [1,2]. Utilisation of solar energy for the production of
hydrogen via photocatalytic water splitting decomposes pure water into H2 and O2 in a 2:1 ratio.
[3]. The generation of hydrogen (H2) from water using photocatalysts converts solar energy into
stored chemical energy, solving environmental pollution and the energy crisis [4]. However,
commercialisation of the technology for photocatalytic water splitting is still hampered by low
hydrogen production efficiency. Poor efficiency on photon scavenging and fast recombination of
photoelectrons and holes before driving the redox reaction, converting the absorbed light energy
into heat rather than chemical energy [5-7].

Titanium dioxide (TiO2) is a stable and non-toxic photocatalyst for hydrogen production [8].
However, the wide band gap (3.2 eV) of TiOz2 limits light absorption in the UV region (5% of the
solar spectrum), and rapid charge-carrier recombination further reduces efficiency [9]. Recently,
multifunctional catalyst engineering strategies including defect engineering, surface
functionalization, and heterostructure construction have been recognized as pivotal approaches to
tailor electronic configurations, optimize intermediate adsorption, and lower kinetic barriers for
high-efficiency hydrogen evolution and water splitting [10]. MXenes are derivatives of MAX
phases that belong to a family of two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides [11]. The general formula of Mn+1XnTx, where n = 1-3, refers to the number of atomic
layers in a unit cell. M signifies the early transition metal (e.g., Nb, Ta, Cr, Sc, Ti, Zr, Mo, Hf, V,

etc.), X denotes carbon, nitrogen, or both, and Tx represents the surface termination (hydroxyl,
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oxygen, or fluorine) [12]. TisC2Tx MXene exhibits high metallic conductivity with flexibility for
modification of the work function from 2 to 6 eV [13].

For photocatalysis, Ti3C2Tx MXene was mainly used as a composite with other photocatalytic
materials and as a precursor for related photocatalysts. In addition to being used as a cocatalyst,
Ti3C2Tx can be converted to TiO2 with excellent photocatalytic properties in situ by calcination.
The outstanding charge storage performance and layered structure of Ti3C2Tx endow it with the
ability to effectively restrain the recombination of electrons and holes in TiO2 [14]. From a
theoretical standpoint, coupling semiconductor TiO2 with metallic Ti3C2.Tx MXene constructs an
intimate metal semiconductor interface with strong electronic coupling. Driven by the work
function differential, photogenerated electrons are thermodynamically favored to migrate from the
conduction band of TiOz2 to the highly conductive M Xene matrix, where MXene acts as an electron
sink to suppress electron-hole recombination. More importantly, the surface termination of
Ti3C2Tx, particularly Ti-F species, regulates the oxidation pathway during calcination and
influences the formation of the TiO2/MXene heterointerface. The retained Ti-F bonds promote
strong interfacial electronic interactions and facilitate directional charge transport, providing a
theoretical basis for enhancing photocatalytic hydrogen evolution through controlled thermal
oxidation of MXene [15—17]. Previous studies have demonstrated that interfacial chemical bonds,
such as Ti-S bonds on TiOz, can serve as efficient charge-transfer channels that accelerate carrier
separation in photocatalytic heterojunctions. By analogy, defect-rich TiO: derived from MXene is
expected to act as active pathways for charge transfer, thereby enhancing overall photocatalytic
activity [18].

In situ evolution of titanium dioxide (TiO2) from Ti3C2 MXene establishes an atomic scale

interfacial heterostructure between TiO:2 and TizCz. The thermodynamically metastable edge
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titanium atoms of Ti3Cz generate significant changes in Ti-electron orbitals during the oxidation
process. Strong chemical bonds formed robust electronic interactions to facilitate the facile
migration of charge carriers [19].

Although the thermal oxidation of Ti3C2Tx MXene into TiO2 has been investigated previously,
most studies predominantly focus on simple phase transformations or complete oxidation, often
overlooking the critical role of surface termination dynamics and defect evolution. Crucially, the
explicit contribution of retained Ti-F species and their temperature-dependent interplay with
surface defect states remain poorly understood. In this study, we demonstrate a controlled air
calcination strategy to tailor the oxidation dynamics of TizCaTx, creating a series of TiO2/MX
composites (200-600 °C). Unlike conventional approaches that attribute photocatalytic
enhancements solely to surface area or bulk phase purity, we reveal a distinct relationship where
the optimal 500 °C treatment (Ti02/MX5) achieves a unique 'sweet spot'. This optimized condition
unifies high bulk anatase crystallinity, preserved mesoporosity, maximum surface defect density
(In/lG), and strategic retention of active species. This work provides insights into the dual role of
retained fluorine and defect states, establishing a clear design framework for MXene-derived
photocatalysts beyond simple thermal conversion
2. Materials and Methods
2.1 Chemicals and precursors

Titanium aluminum carbide (Ti3AIC2, 98 %) and Hydrofluoric acid (HF) 40 % were purchased
from Sigma Aldrich
2.2 Synthesis TiO: derived MXene

Ti3C2Tx MXene was prepared from the MAX phase (Ti3AlC2, Nano-Research elements, > 99

%, APS <40 um) using an HF etching method previously reported in our group [20] . Specifically,
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50 mL of a 40 % aqueous HF solution was poured into a 250 mL Teflon beaker in an ice bath.
Then, 3g of Ti3AIC2 powder was gradually added to the HF solution. The mixture was stirred for
120 min, followed by sonication for 2h. The resulting solution was stored at room temperature for
24h under constant stirring. The resulting mixture was rinsed with a copious amount of deionised
(DI) water until the pH reached approximately 6.5. The obtained MXene powder was then dried
in a vacuum oven at 50 °C for 24 h.

The transformation of MXene into TiO2 was achieved via thermal oxidation at different
calcination temperatures. MXene powder was loaded into ceramic crucibles and calcined in a
furnace at 200, 300, 400, 500, and 600 °C to induce oxidation.

2.3 Characterization

FTIR (Fourier Transform Infrared) Spectrophotometer Thermo Scientific Nicolet iS10 to
determine the functional groups of the catalyst in the wave number range of 4000-400 cm™!, X-ray
Diffraction (XRD) X’pert PRO PANanalytical to determine the diffraction pattern of the catalyst
with a scanning angle of 5-90° and the light source used for measurement is Cu Ka radiation (A =
1.54060 A), In order to characterize the textural properties of samples, Brunauer-Emmett-Teller
(BET) surface analyses were performed using a Micromeritics TriStar Plus II PLUS instrument.
The porosity of the samples was examined using N2 adsorption-desorption method at 77 K. Before
the measurement, all samples were degassed at 423 K for 4 h using the Micromeritics SmartPrep
Programmable Degas System, The surface chemical composition and oxidation states of the
samples were characterized by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific
K-Alpha® spectometer equipped with a micro-focused monochromatic Al ka X-ray source
operating at 72 W (6 mA x 12 kV). Data was collected over an elliptical area of approximately

400 x 600 um? at pass energies of 50 and 150 eV for high-resolution and survey spectra,
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respectively. Sample charging effects were minimised through a combination of low energy
electron and Ar" ions. samples were prepared for analysis by pressing the powder on to double-
sided adhesive tape attached to an IPA cleaned microscopy slide. Data was quantified using
CasaXPS (v2.3.27) using Scofield sensitivity factors and an electron energy dependence according
to the TPP-2M formulation. Due to changes in the nature of the surface an the interaction of the
adventitious carbon with these surfaces, calibration was chosen to be against a signal for Ti(IV) in
TiO2, which is present in all samples; unlike pure bulk TiO2 (Ti 2p3.2 = 458.7 eV), the value was
taken to be 459.6 eV for TiO2xFax as discussed in [21] . All quantification was performed after
calibration and subtraction of a Shirley background. Where applicable, peak fitting was achieved
using Voigt-like functions defined by the LA line shape in CasaXPS taken from reference
compounds (e.g. TiO2), where lineshapes were unclear, spectra were interrogated using the
informed amorphous sample model approach as used for Mo-oxides [22] and ceria [23] . . UV-
DRS Spectrophotometer Shimadzu UV-2450 to measure the absorbance and reflectance of the
catalyst in the wavelength range of 200-800 nm. The morphology was examined through FE-SEM,
(Hitachi SU8200). High-resolution transmission electron microscopy (HR-TEM, Talos F200X)
was used to analyze the sample surfaces.
2.4 Photocatalytic H2 Production

H:2 photogeneration was carried out under visible light irradiation. 50 mg of sample was mixed
with 25 mL of methanol solution 20 vol% in a 64 ml cylindrical quartz vial and covered using a
rubber septum. The mixture was stirred for 10 min, followed by sonication treatment for 10 min.
In order to remove the residual air, the mixture was purged with argon for 5 min. Subsequently,
the mixture was placed in the photocatalytic reactor (Opsytec BS-02) equipped with Osram

Powerstar light and a UV filter which provided visible light irradiation. At an hour intervals, 0.5
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mL of the gas suspension was collected by gas syringe and analyzed using gas chromatography
(GC, Shimadzu GC-2014) with a thermal conductive detector. The H2 calibration was conducted
according to the previous work in ref [24]. All experiments were performed three times to ensure
reproducibility, results presented are the mean values with a total error of <5 %.
3. Result and Discussion
3.1 Structural and Morphological Characterization

The phase analysis of the samples was performed using XRD (Fig. 1a). Following the etching
of the MAX phase with hydrofluoric acid (HF), the Ti3C2Tx MXene exhibited XRD peaks at 20
values of 8.94°, 18.36°, 27.41°, 35.74°, 41.52°, 48.91°, 56.27°, and 60.21° corresponding to the
(002), (004), (108), (102), (105), (107), (108), and (110) diffraction planes [24]. After the
oxidation, the characteristic at 20 = 8.94° (002) peaks of TisCoTx MXene disappeared, whereas
new TiO2 peaks emerged and intensity increase with increasing oxidation temperature. After
calcination at 200 °C (TiO2/MX2), the MXene diffraction features are still dominant, with
appearances of weak and broad TiO: peaks at 20 = ~25°. Following calcination at 300-400 °C
(Ti02/MX3-TiO2/MX4), well-defined diffraction peaks corresponding to anatase TiO2 emerged at
20 = ~25.03°, 37.5°, 48.1°, 54.0°, 55.1°, and 62.47° of anatase TiO2 (JCPDS No. 00-021-
1272) and some little peak of rutile TiO2 at 20 = 36° and 54.7° (JCPDS No. 00-021-1276). The
disappearance of MXene diffraction peaks indicates the oxidation of Ti-C bonds into Ti-O
frameworks. A slight peak shift at 25° anatase is observed, as shown in Fig. 1(b), which can be
attributed to defects induced by Ti-F bonding. Anatase formation at intermediate temperatures
suggests kinetically controlled oxidation, favoring the metastable anatase phase forms instead of
the more stable rutile phase [25]. Upon increasing the calcination temperature to 500-600 °C

(Ti02/MX5-Ti02/MX6), additional peaks attributed to rutile TiO2 become evident, indicating a
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phase transformation from anatase to the thermodynamically stable rutile phase. The coexistence
of anatase and rutile phases at higher temperatures implies that M Xene undergoes a polymorphic
transformation. The oxidation and phase evolution of MXene into anatase and rutile TiO2
demonstrates the potential of controlling the calcination temperature enable the tuning of
crystalline phases of the composites. Ooxidation under a CO: atmosphere confirmed the
coexistence of Ti3C2 based on the characteristic peak was still present below 26 = 10° [26]. Oxygen
has a much higher oxidation potential than CO., which leads to the complete transformation of

Ti3C2 into TiO2 [27].

a) ) TiOJ/MX6 —— TiO,/MX3 b)
‘ ——TiO,/MX6 —— TiO,/MX2
#Anatase | ___ 1io jMx4 —— MX
+: Rutile Iy
- »
. ol

Intensity (a.u)
Intensity (a.u)

Lo

ne Asna

L

A°02) {204) (006) (104) (105) (101),

10 20 30 40 50 60 70 80 20 22 24 26 28 30
26(°) 26(°)

Fig. 1 (a) XRD patterns of the prepared TiO./MXene samples; (b) enlarged view in the 20

range of 20-30°
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FTIR spectra in Fig. 2(a,b) the MX sample shows a broad band at 3417 cm™ attributed to O-H
stretching, indicating hydroxyl groups or adsorbed water. A weak peak around 2857 cm™
corresponds to CH2 vibrations. Bands at 1614 cm™ are assigned to Ti-OH , while peaks at 428
cm™ confirm Ti-C bonds. Peaks at 563 cm™ confirm C-C while peaks at 618 cm™ confirm Ti-O.
The presence of Ti-F at 740 cm™! indicates fluorine terminations from the etching process. Peaks
1403 cm™ confirm C-F, The C-F bond vibration in TisC:Tx MXene originates from fluorine
surface terminations at the defect sites (Ti vacancies) and flake edges [28,29]. After calcination
(Fig. 2(c)) the band at 1000-400 cm! associated with the Ti-O-Ti vibration in all TiO2 samples
[30,31]. The bands at 1600 and 3500 cm™' can be attributed to the bending vibration of the
respective Ti-OH and -OH bond, and the stretching vibration of the water adsorbed OH group that
gained intensity following air calcination [32]. The band at 2900 ¢cm™' assigned to stretching
vibrations of the C-H bond and peaks at 3500 cm™ that the intensity was gradually decreased
following the calcination to 600°C [33]. However, A small shoulder at 906 cm ™! observed (Fig. 2
(c)) after calcination at 600°C is evidenced the formation of defects on TiO2. This signal is
associated with the stretching vibration of the Ti-F bond, indicating the presence of chemically

adsorbed fluoride species on the TiO2 surface [34].
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Fig. 2 (a) FTIR spectra of the prepared TiO-/MXene samples; (b) enlarged view of pristine
MXene; (c) enlarged view of the Ti-F peak.

Fig. 3(a) displays the Raman spectra of pristine MXene and calcined samples. The pristine
MXene shows weak and broad Raman features of the metallic and layered structure. As shown in
the inset of Fig. 3(b), peaks at 128, 208, 380, 618, and 700 cm™ correspond to Raman-active
vibration modes of Ti3C2Tx MXene [35]. Raman peaks at 148 (Eg), 399 (Big), 518 (Aig + Big), and
642 (Eg) cm ™! are characteristic optical modes of anatase TiO2 were observed in TiO2/MX4;
TiO2/MX; TiO2/MXS5 [36]. For TiO2/MX3 and TiO2/MX2, the anatase peaks are remain weak,
indicating incomplete oxidation that transformed into amorphous TiO2. The gradual evolution of
Raman features confirms a temperature-dependent crystallization process, transitioning from

poorly ordered oxide species to well-defined Ti10-. In addition, as shown in Fig. 3(d), a slight shift
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of the Eg mode is observed, indicating the presence of structural defects in the anatase TiO2. Pure
TiO2 displays the characteristic Eg mode centered at 143 ¢cm™!, corresponding to the symmetric
stretching vibration of O-Ti-O bonds. Upon composite formation, the Eg mode exhibits a
noticeable blue-shift to higher wavenumbers: 154 cm™ (Av = +11 ecm™) for TiO2/MX4, 152 cm’!
(Av =49 cm™) for TiO2/MX35, and 148 cm™! (Av = +5 ecm™") for TiO2/MX6

This prominent blue shift and peak broadening are attributed to the phonon confinement effect
induced by oxygen vacancies/surface defects and localized lattice strain at theTiO2/MXene
interface. Notably, as the calcination temperature increases from 400 °C to 600 °C (TiO2/MX4 to
Ti02/MX6), the Eg peak systematically shifts back toward lower wavenumbers. This quantitative
shift reflects the thermal annealing of crystal defects and lattice strain relaxation at higher
temperatures, which aligns consistently with the observed increase in crystallite size and

crystallinity.
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Fig. 3 Raman spectroscopic analysis of MXene-derived TiO-/MX composites. (a) Full Raman
spectra of pristine MXene and TiO/MX composites calcined at different temperatures; (b)
characteristic Raman spectrum of pristine MXene; (c) enlarged D and G band region; and (d)
enlarged anatase Eg vibrational mode.

TGA/DTG analysis in Fig. 4(a) exhibits three stages of weight loss at approximately 114, 184,
and 405 °C. The initial weight loss in the range of 100-114 °C is attributed to the removal of
intercalated and physically adsorbed water molecules from the MXene layers. The decomposition
stage observed at ~ 184 °C is associated with the gradual evavuation of surface hydroxyl (-OH)
terminations. A rapid mass increase occurring at temperatures above 405 °C indicates the onset of
MXene oxidation. The oxidation of Ti3C2 in the presence of oxygen follows the stoichiometric

reaction:
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Ti:C2 + 502 — 3TiO2 + 2CO2 (1)

The oxidation of 1 mol of Ti:C2 (167.6 g) leads to the formation of 3 mol of TiO2(3 x 79.9 g mol™!
= 239.7 g), resulting in a net mass gain. The oxidation of Ti3C2 is an exothermic process, which
accounts for the pronounced mass increase at elevated temperatures [37,38]. This oxidation
behavior is consistent with the XRD results, where characteristic diffraction peaks of TiO2 begin

to emerge in MXene samples calcined at 400 °C.
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Fig. 4 TGA-DTG curves of pristine MXene.
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The textural evolution induced by calcination is evidenced by N2 adsorption-desorption
analysis, as shown in Fig. 5(a-b). Pristine MXene exhibits a low surface area (5.28 m?/g) due to its
stacked morphology (Table 1). In contrast, calcined samples display type IV isotherms with H3
hysteresis loops, characteristic of mesoporous structures formed by aggregated plate-like particles.
The surface area and pore volume increase significantly with temperature, reaching maximum
values at 400 °C (TiO2/MX4), with a surface area of 30.88 m?/g and pore volume of 0.106 cm?/g.
At higher temperatures, a slight decrease in surface area is observed (e.g., 18.49 m*g for
Ti02/MXS5), which can be ascribed to grain growth, sintering effects, and partial pore collapse

associated with increased crystallinity and phase transformation [39].

701 Q) 0.0124? b)
s ']
90 —o— NMX | €00104 9O MX
o —a— TiO,/MX2 Ky o TiO,/MX2
= 50 - t ' i
E +T!OZIMX3 , 50.008_ o TiO,/MX3
g @ TiO,/MX4 o o TiO,/MX4
291 —o-Tioymxs  ®| § voos ], @ TiOMXS
S o TiogMmxe  fa| S 1L o Tioymxe
T 30+ a3 | o ‘
< / 7 s ‘\
> SPudn o S 0.004{9.
= 20 95 3 X
5 PP IS |03
= ) e
G 1o 2 0.002 - .;‘
0 0.000 - ?
00 02 04 06 08 1.0 0 20 40 60 80 100 120 140

Relative Pressure (P/Po) Pore Width (nm)

Fig. 5 N2 adsorption-desorption analysis of calcined TiO2/MX (a) isotherm (b) pore distribution.
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Table. 1 Textural properties and optical band gap of TiO-/MX samples

Pore Volume
Surface Area (m?/g)

(cm’/g) Pore Diameter
Sampel Eg
SBET®  Smeso Smicro® Sextern \]mesob V micro® (nm)
b al
MX 528 4.83 0.39 4.88 0.022 0.0001 13.41 1.54
TiO2/MX
: 933 90.84 2.55 6.78 0.036 0.001 14.62 1.44
TiO2/MX  20.3
3 5 3464 2.69 17.66  0.082 0.001 9.55 2.61
TiO2/MX  30.8
4 g 3412 248 28.4 0.106 0.0009 12.46 2.84
TiO:/MX 184
5 9 2095 1.87 16.61 0.075 0.0007 14.48 2.97
TiO:/MX 204
6 22.82 1.9 18.53 0.101 0.0007 17.80 3.16

Sset calculated by BET method
® Simeso and Vmeso calculated by BJH method

¢ Smikro, Sexternal, and Vmikro calculated by t-plot method

As shown in Fig. 6(a), MXene exhibits a layered structure composed of thin sheets. In Fig. 6(b),
the TiO2/MXene sample calcined at 500 °C shows a significantly disrupted layered structure,
transforming into a rough, porous, and vertically fragmented morphology. The loss of well-defined
lamellae at this temperature suggests the breakdown of Ti-C bonds and the collapse of the original
MXene framework during its oxidation into TiO2. TEM analysis (Fig. 6(c)) reveals that the
oxidized sample consists of microcrystalline structures esembled into a non-uniform or poorly
ordered matrix. High-resolution TEM images show distinct lattice fringes with interplanar

spacings of approximately 0.356 nm and 0.325-0.326 nm, which can be indexed to the (101) plane
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of anatase and the (110) plane of rutile TiO2, respectively [39-42]. The coexistence of multiple
lattice spacings within a single region suggests structural heterogeneity and lattice distortion in the
TiO2 framework. Such distortion is likely associated with the presence of residual Ti-F bonding
inherited from the MXene surface terminations, which can modify the local electronic structure
and induce lattice strain during the oxidation process. The retained fluorine species, as confirmed
by XPS analysis, may influence crystal growth and contribute to defect formation within the TiO2
lattice.

To further assess the structure of the optimal TiO2/MXS5, SAED analysis was performed (Fig.
6(d)). The diffraction rings are exclusively indexed to the (101), (004), (200), (105), (204), (116),
(215), and (224) planes of anatase TiO2[43], confirming complete oxidation of the Ti3C2Tx MXene
at 500 °C. Thus, the enhanced H: evolution is not attributed to a residual TiO2/MXene
heterojunction, but rather to MXene-derived surface modification through retained TiF
terminations and surface defects (In/Ic = 0.699), which may promote charge trapping and suppress
electron-hole recombination. The EDS mapping (Fig. 6(e)) confirms the presence of Ti, O, and C
as the major elements, with Ti and O dominating the composition, consistent with the formation
of TiOz. Elemental mapping images reveal a uniform spatial distribution of Ti and O throughout
the material, indicating homogeneous oxidation rather than phase segregation. The residual carbon
may enhance electrical conductivity and facilitate charge transport, which is beneficial for catalytic

and photoelectrochemical applications [44,45].
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Fig. 6 (a) FESEM image of pristine MXene; (b) FESEM image of calcined TiO2/MXene at
500°C; (c) TEM image of calcined TiO2/MXene at 500 °C; (d) SAED pattern of calcined

Ti02/MX at 500 °C; (e) EDX elemental mapping of calcined TiO2/MXene at 500 °C.

3.2 Surface Chemical States of TiO2/MX

X-ray photoelectron spectroscopy (XPS) analysis was performed on pristine MXene (MX) and
Ti02/MX samples calcined at different temperatures (200-600 °C) to investigate the evolution of
surface elemental oxidation states (Fig. 7a-c).

The as-recvied Ti3C2Tx MXene shows a characteristic asymetric C s signal, attirbutable to Ti-
carbide, at 282.2 eV and consistent with a that reported by Natu et al. [21], but with significant
levels of adventitious carbon (Fig 7a). Calcincation reveals the loss of the carbibe by 400 °C and
is concominant with the complete conversion of the Ti 2p spectrum to that representative of TiO2
indicating the complete structural transformation of Ti3C2Tx into an oxide phase.

The corresponding Ti 2p spectra (Fig 7b) reveal a systematic oxidation towards TiO2, with a

loss of the Ti-C carbide (Ti 2p32 = 455.1 eV) phase by 400 °C. Of note is the initial Ti-oxide
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(TixOy) and Ti-oxyfluoride like (TixOyFz) components to the spectra. Nevertheless, the step wise
oxidation revelaes the systematic change to TiO2, with signifcant levels of fluorine remaining, and
repsonsible for the higher binidng energy Ti(IV) state [21]. The fluorine (Fig 7c) reveals a shoft
from Ti-F bonds (685.3 eV) to more mixed, oxygen-fluorine like bonds (ca. 686 - 689 eV) and
consistent with the interpretation of the Ti and C signals, however we do not draw any further
conclusions from the F 1s data due to the probability of overlapping signals, and the presence of
residual AlFx species from the preparaiton.

To inspect the surface oxygen species after calcination, the O 1s XPS spectra were deconvoluted
into three distinct components (Fig. S1 and Table S1): lattice oxygen (OL) at 529.8 eV, surface
hydroxyl species (Oon) at 531.1 - 531.7 €V, and chemisorbed water (Oy, () at 532.6 - 532.6 eV.As
summarized in Table S1, the relative ratio of surface hydroxyls to lattice oxygen (Oon/Or)varies
non-linearly with calcination temperature, exhibiting values of 0.243, 0.537 and 0.183 for
TiO2/MX4, TiO2/MXS, and TiO2/MX6, respectively. The maximum observed for TiO2/MX5
indicates a higher abundance of surface reactive hydroxyl groups that facilitate interfacial reactions
with adsorbed species.In accordance with the surface science principles established by Idriss [46],
ex-situ XPS O 1s signals in the 531-532 eV range cannot be unambiguously assigned to oxygen
vacancies, as ambient water exposure rapidly heals surface vacancies to form surface hydroxyls.
Therefore, the elevated Oon/OL ratio in TiO2/MXS5 is utilized as indirect evidence for defect-

mediated surface hydroxylation rather than direct proof of bulk oxygen vacancies.
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carbon are all coloured green, with the C-Ti peaks in red.)

XPS analysis of the fresh and spent TiO2/MX5 catalyst after photocatalytic water splitting was
conducted to investigate the surface chemical stability and electronic structure evolution (Fig. 8(a-
c). The Ti2p, C 1s and F 1s spectra of the spent catalyst are similar to the fresh catlayti, with only
slight differneces in the rations of fluroide and oxygen species (O 1s not shown), and which we
attribute to the prolonged interaction with water molecules and subsequent surface hydroxylation
during photocatalysis, and would also be responsible for the the differences in the ratios of the F
Is components, with changes respresentative of the relative proportions of
oxide/oxylurofide/hydroxides at the surface.. The retained Ti*" peaks indicate that the TiO2
structure remained stable after the reaction. No additional impurity peaks were observed,
confirming the good chemical stability of the TiO2/MXS5 catalyst. XPS results suggest that the
catalyst maintains its structural integrity after long-term photocatalytic water splitting, while the
increased hydroxylation and defect-related surface species may contribute to sustained

photocatalytic activity [47—49].
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Fig. 8 XPS spectra of TiO2/MX5 spent and TiO2/MX5 fresh catalyst (a) C 1s, (b) Ti 2p, and (c) F
Is spectra

3.3 Optical analysis

The optical properties of as-prepared MXene and air-calcined TiO2/MX samples were
investigated by UV-Vis diffuse reflectance spectroscopy (DRS), Tauc analysis, Electrochemical
Impedance Spectroscopy (EIS) and photoluminescence (PL) spectroscopy, as shown in Figure 9(a-
d). Fig. 9(a) shows the UV-Vis absorption spectra of MX and TiO2/MX samples. Pristine MX
exhibits broad absorption over the entire UV-visible range, which is characteristic of its metallic
nature and high free-carrier density. However, such broad absorption does not translate into
photocatalytic activity due to the absence of a band gap and severe charge recombination. After
calcination, the absorption behaviour changes significantly. TiO2/MX2 and TiO2/MX3 retain
relatively strong absorbance in the visible light region, suggesting that incomplete oxidation
generates a heterostructure between metallic MX and crystallised TiO2. As the calcination
temperature increases to 400-600 °C, an absorption edge emerges in the UV region, corresponding

to the formation of TiO2. TiO2/MXS5 shows a well-defined absorption edge while still maintaining
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moderate visible-light absorption, which can be attributed to defect states from residual carbon
and fluoride species. Defects in TiO2 crystal structure enhanced the generation of oxygen
vacancies for trapping of electrons and holes. In contrast, TiO2/MX6 exhibits a sharper absorption
edge and reduced visible absorption, suggesting increased crystallinity and reduced defect density
at higher temperatures [50].

Fig. 9(b) presents the Tauc plots derived from UV-Vis diffuse reflectance spectra for pristine
MXene and TiO2/MX samples. The band gap gradually increases from MXene to TiO2/MX
obtained at higher temperatures. TiO2/MX2 and TiO2/MX3 exhibit relatively narrow band gap
energy 1.44 and 2.61 Ev which implies the presence of sub-bandgap states following incomplete
oxidation of MXene that instil structural disorder in TiO2. At 400°C and 500°C calcination
temperatures, the Ti02/MX4 and TiO2/MXS5 the band gap were determined at 2.84 and 2.97 eV
respectively, slightly narrowed compared to commercial anatase TiO: at 3.2 eV. The presence of
Ti-F and carbon dopants may induce mid-gap states in TiOz2, as suggested by the shoulder observed
in the UV-Vis spectra. TiO2/MX6 shows a wider band gap energy of 3.01 eV among the samples,
which can be attributed to higher crystallinity of TiO2 from the reduced defect density, and partial
rutile formation. Although a wider band gap can enhance charge mobility, the adsorption of photon
in the visible light region is limited, compromising hydrogen production in TiO2/MX6. Mild
calcination temperatures produced TiO2 with inherited Ti-F and carbon impurities, that red-shift
the absorption edges to the visible light region [51].

To gain deeper insights into the charge transfer behavior of the hybrids, Electrochemical
Impedance Spectroscopy (EIS) and Photoluminescence (PL) analyses were conducted (Fig. 9¢c-d).
In the EIS Nyquist plots (Fig. 9¢), the semicircle arc radius in the high-frequency region directly

reflects the charge-transfer resistance at the catalyst interface. TiO2/MXS5 exhibits a substantially



384

385

386

387

388

389

390

391

392

393

394

395

smaller arc radius compared to bare MXene and other composites (e.g., TiO2/MX4 and
Ti02/MX6), demonstrating a significantly reduced the charge-transfer resistance and faster
interfacial charge transport [52]. This rapid electron migration behavior is further corroborated by
the PL quenching observed in Fig. 9d. The marked decrease in emision intensity for TiO2/MX5
reflects the efficient spatial separation of photogenerated electron hole pairs. The bare MXene
exhibits the highest PL emission intensity, indicating a rapid recombination of photogenerated
electron-hole pairs. Upon composite with TiO2, the PL intensity decreases, with TiO2/MX5
displaying the most significantly quenched emission. The lower PL intensity of TiO2/MXS5
indicates that these defect sites act as effective charge traps, thereby suppressing electron-hole
recombination. These features facilitate the migration of photogenerated electrons to active sites
for hydrogen evolution, in agreement with the superior hydrogen production rate observed in

TiO2/MX5 [53].
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3.4 Catalytic Activity

The photocatalytic hydrogen production of pristine MX and calcined TiO2/MX samples was
evaluated under UV-visible light irradiation, as shown in Fig. 10(a-c). The results demonstrate a
strong dependence of hydrogen evolution activity on the calcination temperatures, which is closely
correlated with the structural and chemical evolution of MXene-derived TiO..

As shown in Fig. 10(a), pristine MXene exhibits a low hydrogen production, which can be
attributed to the metallic nature and rapid charge recombination. Conversion to TiO2/MX2 and
TiO2/MX3 following oxidation at 200-300 °C is insufficient to enhance hydrogen production,
despite evidence of Ti-O formation and UV-visible absorbance. Calcination of MXene at low
temperatures produced heterostructured metallic MXene with poorly crystallised TiO2 which
presumably promotes non-radiative recombination pathways. In contrast, a pronounced
enhancement in hydrogen evolution is observed for TiO2/MX4 and TiO2/MX5, with TiO2/MX5
(500 °C) exhibiting the highest hydrogen production rate of approximately 285 pmol g* h™'. The
optimal balance between crystalline anatase formation, defect density, and mesoporous
architecture enhances TiO2 photocatalytic activity. Crystalline TiO2 ensures effective charge
transport, while defects and heteroatoms inherited from MXene facilitate charge separation and
surface redox reactions. Interestingly, further increasing the calcination temperature to 600 °C
(Ti102/MX6) leads to a noticeable decrease in hydrogen production. This decline is consistent with
the reduced surface area, partial pore collapse, and increased rutile formation. Although rutile can
contribute to heterojunction formation, excessive crystallisation and grain growth reduce the

density of active sites and hinder mass transport, ultimately limiting photocatalytic efficiency.



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

The time-dependent hydrogen evolution behaviour of the optimal sample (TiO2/MXS5) is shown
in Fig. 10(b). The hydrogen production rate increases linearly with reaction time, indicating stable
photocatalytic activity. Fig. 10(c) illustrates the effect of sacrificial agents on hydrogen production.
Methanol generates hydrogen evolution, significantly higher than ethanol and isopropanol. The
differences in catalyst activity might be associated with decreased oxidation kinetics and increased
steric hindrance from methanol to isopropanol. Methanol is the simplest alcohol and has a lower
oxidation potential, efficiently scavenging photogenerated holes to suppress electron-hole
recombination. The reduced activity observed with ethanol and isopropanol further confirms that
hydrogen production is governed by interfacial charge-transfer kinetics rather than light absorption
alone [54].

For overall water splitting, the conduction and valence band edges of a photocatalyst must
exceeds the the H"/H2 (0 V) and O2/H20 (+1.23 V vs. SHE) redox potentials. Band gap energy of
~2.0 eV or higher will overcome kinetic and thermodynamic losses however, a band gap energy
below 3 eV will enable visible-light utilisation [55]. TiO2/MX35, with a band gap of 2.97 eV, meets
the band gap energy threshold, providing sufficient redox driving force while maintaining
responsiveness in the UV-visible region. The level of photocatalytic activity demonstrates
enhancement upon forming the optimized hybrid architecture. The peak H2 production rate of
TiO2/MX5 (285 umol g! h'!) represents a 25.4 fold increase over pristine MXene (11.5 pmol g!
h") and 3.4 fold increase over TiO2/MX4 (84.62 umol g'! h!). This substantial increase highlights
the synergistic contribution of both structural and electronic characteristics rather than the
influence of a single material property. To clarify the individual roles of these parameters, a
multivariable correlation analysis was performed (Fig. S2), mapping the photocatalytic H2

production rate against crystallinity, specific surface area, defect ratio (In/lg), and residual Ti-F
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peak area. The correlation clearly demonstrates that no single factor governs the photocatalytic
trend independently. While TiO2/MX4 possesses the highest surface area (30.88 m?/g) and
Ti02/MX6 exhibits the highest relative crystallinity, neither achieves the maximum H2 production.
Instead, the performance peaks at TiO2/MX5 (285.40 pmol g*' h''). This superior activity is driven
by the global maximum of surface defect density (In/lc = 0.699) working in synergy with well-
preserved Ti-F species and balanced anatase crystallinity. At 600 °C (TiO2/MX6), high-
temperature annealing eradicates surface defects (Ip/lc = 0) and destroys Ti-F terminations,
causing a severe activity drop despite peak crystallinity. Thus, TiO2/MXS5 represents an optimal
electronic and structural for hydrogen production.

The photocatalytic Hz2 evolution performance of TiO2/MXS5 was further compared with
previously reported TiO2 and Ti3Cz-based photocatalytic systems, as summarized in Table 2. The
H2 evolution rate of TiO2/MX5 (285 umol g! h!) significantly higher than conventional binary
TiO2/Ti3C2 composite (120 umol g'' h'') and unmodified Ti3C2 MXene (121 pmol g'! h!). Notably,
without incoporating expensive noble metal co-catalyst. TiO2/MXS5 outperforms Ru-modified
heterostructure such as TiO2-Ti3C2/Ru (235 umol g*! h'!) as well multi component oxide systems
like SrTi03/Ti3C2/TiOz2 (276 pmol g h™). It is worth noting that higher H2 production rates have
been reported for certain metal-sulfide/MXene heterostructure, such as ZnS/Ti3C2 (502.6 umol g-
1 h-1), which benefit from the narrower intrinsic bandgap of ZnS and fast hole-scavenging
kinetics in a lactic acid system. This difference highlights the importance of photocatalyst
composition, heterojunction architecture, co-catalyst, sacrificial agent, and irradiation conditions
in determining H> evolution performance. Therefore, TiO2/MXS5 demonstrates competitive Ha
production performance, achieving a higher rate than several TiO2/MXene-based photocatalysts

without requiring a noble-metal co-catalyst.



468 Table. 2 Comparison of the photocatalytic activities of the synthesized catalysts and others from
469  similar studies used in water splitting.
Photocatalyst system H> Production Light Co- Reactant & Ref
Rate (umol g' Source Catalyst Sacraficial Agent
hfl
SrTiO3/Ti3C2/TiO2 276 300W Xe 0.1wt% - [56]
lamp (A > Rh,
300 nm) 0.05 wt%
Cr203 and
0.05 wt%
CoOOH
BiVO4@ZnIn2S4/T1i3C2 102.67 300W Xe - - [57]
MXene quantum dots lamp
(QDs)
ZnS/Ti3C2 502.6 300W Xe lactic [58]
lamp acid:water = 1:4
TiO2/MXene 120 350 W Xe 10% of [16]
Ti3C2 glycerinum
aqueous solution
Ti02-Ti3C2/Ru 235 300W Xe 10% methanol [59]
lamp
Ti102+0.25%Ru 1.61 150 W Hg Distilated water  [60]
lamp
TiO2/CNFs 7.2 450 W (Xe Distilled H20 [61]
lamp)
CulnS2-TiO2 118 500 W Xe 0.050 M Na.S + [62]
lamp 0.050 M Na:S0s
(10mL)
Ti3C2 Mxene 121 300 W Xe 038 wt% DI [3]
lamp Rh  and
0.05 wt%
Cr
Triphase TiO2 273 Sunlight 50 mL of [63]
glycerol + water,
(5/95, v/v)
TiO2/MXS5 285 Visible Methanol This
light work

470
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Conclusion

Ti02/MX composites were successfully synthesized through controlled air calcination of
Ti3C2Tx MXene, demonstrating that calcination temperature is a key parameter in tailoring the
phase composition and surface chemistry of MXene-derived photocatalysts. Among the prepared
samples, TiO2/MX5 (500 °C) exhibited the highest H2 production rate of 287 pmol g*!' h',
corresponding to a 25.4 fold enhancement over pristine MXene. The superior photocatalytic
performance originated from the synergistic combination of high anatase crystallinity, preserved
mesoporosity, abundant surface defects (In/lg), and retained Ti-F surface species, which
collectively promoted efficient charge separation and suppressed carrier recombination. These
findings provide a simple and scalable strategy for engineering the electronic and surface structures

of MXene-derived TiO2 photocatalysts for efficient solar-driven hydrogen production.
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