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ARTICLE INFO ABSTRACT

Keywords: In this work, we investigate MXene-based heterojunctions engineered to improve photocatalytic performance by
MXene heterojunction promoting interfacial charge transfer and suppressing electron-hole recombination. The coupling of Ti3Cy
Zinc oxide

MXene with ZnO is explored as a strategy to obtain more favourable band alignment. Multiple synthesis routes
are employed, followed by comprehensive structural, morphological, and electronic characterization. Comple-
mentary Density Functional Theory (DFT) calculations are proposed to elucidate reaction barriers for water
oxidation and hydrogen adsorption, providing theoretical insight into the observed catalytic behaviour. Overall,
this study aims to advance the development of MXene-based heterojunction photocatalysts for sustainable
hydrogen production and broader solar-driven applications. The ternary mixed systems were synthesized using
two different methods, highlighting the key role of the preparation route in determining the structural properties
and photocatalytic performance of the materials. Results obtained in hydrogen production, even preliminary, are

Zinc oxide/cerium oxide composite
hydrogen production

encouraging especially for the ternary system MXene with zinc oxide coupled with cerium oxide.

1. Introduction

Fossil fuels still represent the global primary energy source. How-
ever, in recent decades, increasing awareness of their negative impact on
environmental and atmospheric pollution has driven governments, in-
ternational organizations, institutions, and industries to collaborate and
invest in the development of alternative energy sources. The over-
arching goal is to reduce dependence on non-renewable resources and
promote the long-term sustainable development of human society [1].

Among these alternatives, solar energy stands out as one of the most
promising resources for addressing current energy and environmental
challenges, being both abundant and clean. Nevertheless, its efficient
conversion into useable forms of energy requires advanced materials
capable of capturing and transforming solar radiation into chemical
energy.

In this context, photocatalysis has gained substantial attention,
especially in recent years, as a key technology for the direct utilization of
solar energy. It offers a promising pathway to produce sustainable fuels
such as hydrogen, as well as for the degradation of harmful pollutants

* Corresponding author.
E-mail address: mariacristina.paganini@unito.it (M.C. Paganini).
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and the reduction of CO5 [2].

Despite significant progress since the pioneering work of Honda and
Fujishima in 1972 [3], the overall efficiency of photocatalytic materials
remains a major limitation to their widespread application. The effi-
ciency of a photocatalytic system depends critically on several inter-
connected steps, and the optimization of each is essential for enhancing
overall performance and achieving a more effective use of solar energy.

To overcome the limitations of traditional photocatalysts, research
has increasingly focused on developing new materials and architectures
capable of improving the separation and transfer of photogenerated
charge carriers.

Over the past decade, MXenes have emerged as a versatile class of 2D
materials with properties that distinguish them from conventional
photocatalyst supports. Rather than acting merely as conductive addi-
tives, MXenes can influence multiple aspects of a photocatalytic system
due to their layered morphology, metallic-like behaviour, and adjust-
able surface chemistry. Their stacked architecture enables intimate
interfacial contact with semiconductors, while the presence of surface
terminations can modulate electronic interactions and adsorption
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phenomena. While functioning as electron reservoirs, MXenes also can
reshape charge-transfer pathways by modifying local electronic envi-
ronments at the heterojunction interface. These combined effects make
them particularly valuable for designing next-generation photocatalysts
with enhanced light matter interactions and more efficient utilization of
photogenerated carriers [4].

Due to its outstanding chemical, physical, and photocatalytic prop-
erties, MXenes are considered highly interesting even when compared to
other 2D materials and have been extensively explored in various pho-
tocatalytic applications, including hydrogen production via water
splitting [5], CO4 reduction [6], and pollutant degradation [7].

Among the various strategies to enhance photocatalytic perfor-
mance, the engineering of heterojunctions has emerged as one of the
most effective approaches for developing advanced photocatalysts. In
this study, MXenes are not employed as primary light absorbers, but are
strategically incorporated as multifunctional cocatalytic components
that regulate interfacial charge transfer. MXenes acts as electron reser-
voirs, Schottky junction formers, and interfacial bridges, strong-
lyimproving hydrogen evolution rates when coupled with
semiconductors such as ZnO, MOF-derived ZnO, g-C3N4, and hybrid
heterostructures. The central novelty is the demonstration that TizCy
MXene replaces Pt-like cocatalysts by functioning as a highly conductive
electron sink. Favourable Fermi level alignment between Ti3C,Tx and
the wide-bandgap semiconductors (e.g., ZnO) promotes unidirectional
electron transfer, suppressing electron-hole recombination and accel-
erating HER kinetics. Moreover, surface terminations (-O, —-OH, -F) on
TigCoTx provide chemically active sites for proton adsorption,
improving hydrogen evolution kinetics. This combined electronic and
catalytic functionality differentiates MXenes from graphene-like mate-
rials, which are largely inert without defect engineering [8,9]. Coupling
MXenes with semiconductors significantly enhances photocatalytic
system efficiency. This is attributed to their high electrical conductivity
and a lower Fermi level compared to many semiconductors, which
promotes the transfer of photogenerated electrons from the semi-
conductor to the MXene, making it an excellent electron acceptor.
Additionally, the Fermi level difference between the two materials in-
duces the formation of a Schottky barrier, which prevents electron-hole
recombination in the semiconductor. This effective separation prolongs
charge carrier lifetimes, increasing their availability for photocatalytic
reactions and improving overall efficiency. However, the choice of
semiconductor partners is crucial to ensure optimal interfacial in-
teractions, effective band alignment, and improved separation of pho-
togenerated charge carriers.

Recent literature reveals a clear trend toward the development of
MXene-based heterojunctions with non-oxide semiconductors, such as
metal chalcogenides (e.g., CdS, ZnInyS4, MoS,) and other narrow-
bandgap systems, because these materials provide superior visible-
light absorption and higher initial hydrogen evolution rates when
coupled with MXenes [8,9].

However, these non-oxide MXene heterojunctions often suffer from
limited chemical and photochemical stability. Many chalcogenides and
sulfide-based photocatalysts are prone to photo-corrosion, surface
oxidation, and structural degradation under prolonged irradiation and
aqueous reaction conditions. As highlighted in the reviewed studies, this
instability can lead to gradual performance decay, loss of active sites,
and reduced long-term efficiency, despite high short-term catalytic ac-
tivity. More recent studies have demonstrated that MXene-based het-
erostructures can significantly enhance photocatalytic hydrogen
production. For example, MXene/semiconductor systems such as
ZnWO4/Ti3Cy heterojunctions have been shown to improve charge
separation through built-in electric fields and band alignment, leading
to enhanced hydrogen evolution rates and reduced recombination losses
[10]. Similarly, 2D/2D MXene/CdS systems exhibit improved photo-
catalytic performance due to intimate interfacial contact and efficient
electron transfer, further enhanced by photothermal effects and
full-spectrum light absorption [11].
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However, most of these studies focus on binary heterojunctions,
where MXene primarily acts as an electron sink or conductive bridge.
While this approach improves charge separation, it does not fully
address the need for dynamic charge storage and redistribution, which
are critical for sustaining photocatalytic reactions.

To overcome these limitations, recent research has explored more
complex multi-component heterostructures, where additional materials
are introduced to modulate charge transfer pathways. In particular,
CeO, has attracted attention due to its reversible Ce**/Ce3* redox
couple, which enables electron trapping and release. For instance,
advanced systems such as Cdg.3Zng.;S@Ti3Co/Ag/CeO5 have demon-
strated that CeOy can participate in engineered charge-transfer path-
ways (e.g., Z-scheme or Schottky-assisted systems), enhancing
photocatalytic hydrogen evolution through multi-channel electron
transfer [12].

In contrast, MXene/oxide-based systems (e.g., MXene-ZnO, MXe-
ne-TiOy, or MOF-derived oxide composites) generally exhibit lower
hydrogen evolution rates compared to non-oxide counterparts, mainly
due to wider band gaps and weaker visible-light absorption [13].
Nevertheless, oxide semiconductors offer significantly higher chemical
robustness, resistance to oxidation, and long-term operational stability.
For this reason, despite their comparatively lower peak performance,
MXene/oxide heterojunctions can represent a more reliable and prac-
tical choice for sustained hydrogen production and real-world applica-
tions, where durability and reproducibility are as critical as catalytic
efficiency. For all these reasons, while MXene heterojunctions with
non-oxide semiconductors currently dominate the field in terms of
maximum reported Hy evolution rates, their intrinsic instability means
they are not always the optimal solution, and oxide-based MXene sys-
tems remain highly relevant for the development of stable, scalable, and
application-oriented hydrogen production technologies [13].

Building on these considerations, the present work aims to explore
the synthesis and characterization of MXene-based heterojunctions,
with the objective of optimizing their photocatalytic properties [14].
Among the wide range of photocatalysts reported in the literature, ZnO
was selected in this study because it is a chemically stable oxide,
low-cost, relatively non-toxic, and easily synthesizable using scalable
and well-established methods. In addition, ZnO can be engineered into a
variety of nanostructures that are particularly well suited for intimate
interfacial contact with MXenes, favoring efficient charge transfer and
heterojunction formation. Although oxide-based systems generally
exhibit lower photocatalytic activity compared to MXene hetero-
junctions with non-oxide semiconductors, their superior chemical
robustness and long-term stability make them more attractive for
practical applications. The choice of cerium oxide (CeO3) as the third
component of the heterojunction was motivated by the fact that some of
the authors have extensive prior experience in the synthesis and char-
acterization of ZnO/CeO; binary systems [15]. These materials have
already been prepared, thoroughly investigated, and tested in our lab-
oratories, where they showed encouraging photocatalytic and
charge-transfer properties. Building on this consolidated expertise, the
introduction of CeO5 in the present MXene-based ternary system rep-
resents a rational and knowledge-driven extension aimed at improving
charge separation while maintaining high structural stability. Among all
possible semiconductors MXenes can form a Schottky junction with
ZnO, facilitating electron transfer from ZnO's conduction band to Ti3Cs.
This synergistic interaction reduces electron-hole recombination,
significantly enhancing photocatalytic efficiency. Multiple synthesis
strategies were investigated and complemented by a wide range of
characterization techniques, including X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), UV-Vis spectroscopy,
and electron paramagnetic resonance (EPR). These analyses provided a
comprehensive understanding of the correlations between morphology,
structure, and electronic properties and the photocatalytic activity of the
developed materials. Furthermore, Density Functional Theory (DFT)
calculations were proposed to elucidate the reaction barriers of water
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and sacrificial agent oxidation, as well as the thermodynamics of
hydrogen adsorption on MXene, thereby supporting the experimental
observations. The overarching goal of the work is to contribute to the
development of innovative photocatalytic materials with potential ap-
plications in sustainable hydrogen production. In this context, the pre-
sent work aims to go beyond the extensively studied binary MXene/ZnO
systems by introducing CeO as a third component to construct a ternary
MXene/CeOy/ZnO heterostructure and by systematically comparing
two different synthesis routes (hydrothermal vs precipitation). The
novelty of this study lies in the combined investigation of (i) the role of
CeO-, as a redox-active component, (ii) the influence of the preparation
method on the structural preservation of MXene and on interfacial
contact, and (iii) the resulting impact on photocatalytic hydrogen
evolution.

In particular, CeO; is not introduced as a passive secondary oxide,
but as an active component capable of participating in a reversible Ce**/
Ce®* redox cycle, acting as an electron buffer and enabling an additional
charge-transfer pathway beyond the conventional MXene-mediated
electron extraction. The combination of MXene and CeO, is therefore
expected to promote a dual charge management mechanism, where
MXene facilitates fast electron transport while CeO5 provides temporary
charge storage and suppresses recombination. Furthermore, this work
highlights how the synthesis route influences not only morphology and
crystallinity, but also the chemical state of the components and the
quality of the heterojunction interface, as demonstrated by XRD, EPR,
and XPS analyses. The hydrothermal method, in particular, is shown to
favour the coexistence of Ce>*/Ce** species and better MXene structural
preservation, which are directly linked to enhanced photocatalytic
performance. Finally, the combination of experimental techniques (EPR
and XPS) with DFT calculations provides a coherent interpretation of the
charge-transfer mechanism in the ternary system, allowing us to ratio-
nalize the role of each component in the photocatalytic process. To the
best of our knowledge, this study represents one of the few systematic
investigations addressing the interplay between MXene, CeO,, and ZnO
in a ternary heterostructure, together with the effect of synthesis method
on both structure and photocatalytic behaviour.

2. Experimental section
2.1. Materials

The Ti3AlC, MAX phase (90%) 312 - 910767 (Sigma-Aldrich, CAS:
196506-01-1), Zinc acetate dihydrate 011559 (Alfa Aesar™, CAS: 5970-
45-6), ethanol 1.00971 (SAFC, CAS: 64-17-5), HF solution (40% -
100335 (Aldrich-Merck, CAS: 7664-39-3), NaOH pellets 30620-M
(Sigma-Aldrich, CAS: 1310-73-2), CeCl37H,0 202983 (Sigma-Aldrich,
CAS: 18618-55-8), Zn(NO3)26H20 99% - 96482 (Sigma-Aldrich, CAS:
10196-18-6)

2.2. Preparation of MXene

MXene was synthesized via HF etching. Briefly, 2.0 g of TizAlC,
powder was gradually added to 40 mL of a 10% HF solution, taking care
to control the temperature due to the highly exothermic nature of the
reaction. The resulting suspension was stirred continuously at 500 rpm
for 24 h. After etching, the suspension was centrifuged at 3500 rpm for 5
min to remove the acidic supernatant. The solid residue was subse-
quently washed and centrifuged three times with deionized water.
Following these steps, the material was further purified by vacuum
filtration using 1 L of deionized water on a cellulose membrane. Finally,
the product was dried overnight at 70 °C. The obtained Ti3Cy MXene
displayed the characteristic black colour.

2.3. Preparation of ZnO_P and CeO2 ZnO_P semiconductors

ZnO was synthesized via a precipitation method. First, 3.0 g of zinc
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acetate dihydrate was dissolved in 12.5 mL of ethanol by heating the
solution to 55 °C under continuous stirring. In parallel, 1.5 g of NaOH
was dissolved in 6.25 mL of ethanol. The NaOH solution was then added
dropwise to the zinc acetate solution, after which the resulting suspen-
sion was left undisturbed for 24 h at room temperature. At the end of the
reaction, the supernatant was removed using a pipette. To purify the
product, 20 mL of ethanol was added to the remaining solid, the mixture
was stirred for 10 min, and then allowed to precipitate for 1 h. After
precipitation, the supernatant was removed again. This wash-
ing—precipitation process was repeated three times.

Subsequently, the product underwent three centrifugation cycles at
5000 rpm for 10 min each, using ethanol as the washing medium. The
resulting solid was filtered through a nylon membrane using ethanol and
finally calcined at 300 °C for 4 h. The final product was labelled ZnO_P.

Similarly, the synthesis of CeO2_ZnO materials followed the same
procedure described above for ZnO_P. For the mixed samples, in addi-
tion to zinc acetate dihydrate (Zn(CH3COO)2-2H50), 0.0376 g of cerium
(I11) chloride heptahydrate (CeCls-7H20) corresponding to 1 mol% with
respect to zinc acetate—was added to the initial solution. The final
product was labelled CeO2_ZnO_P.

2.4. Preparation of MXene_ZnO and MXene_CeO2 ZnO heterojunctions

The MXene_ZnO heterojunction was prepared using two different
methods: (i) a solid-state route in which precipitated ZnO was combined
with MXene and subsequently calcined, and (ii) an in situ hydrothermal
synthesis that directly produced the MXene ZnO composite.

In the first method, 250 mg of MXene and 250 mg of ZnO_P were
dispersed in 30 mL of deionized water. The suspension was magnetically
stirred for 30 min, after which the solvent was evaporated in an oven at
70 °C for 18 h. The resulting dried solid was subsequently calcined in a
muffle furnace at 450 °C for 4 h using a heating ramp of 5 °C min~'. The
final product was labelled MXene_ZnO_P. The same procedure was
applied to the mixed systems CeO2_ZnO, yielding the composite labelled
MXene_ CeO3 ZnO_P.

For the hydrothermal synthesis, 0.40 g of purified MXene was
dispersed in 20 mL of deionized water and sonicated for 10 min to
promote homogeneous dispersion and facilitate interlayer expansion.
Subsequently, 5.95 g of zinc nitrate hexahydrate (Zn(NO3)2-6H30) was
dissolved into the mixture. The pH of the resulting solution was adjusted
to 10-11 by the dropwise addition of 4 M NaOH. The suspension was
then transferred to a PTFE-lined vessel sealed inside a 100 mL stainless-
steel autoclave and heated at 175 °C for 12 h. After cooling to room
temperature, the product was washed thoroughly with distilled water
and subjected to three centrifugation cycles at 6000 rpm for 10 min
each. The material was finally dried in an oven at 70 °C, yielding the
sample labelled MXene_6%_ZnO_H.

Using the same hydrothermal method, two additional samples were
prepared by adjusting the MXene content: 1 wt% MXene (0.060 g) and
12.6 wt% MXene (0.859 g), labelled MXene_ 1%_ZnO_H and
MXene_12%_ZnO_H, respectively.

The synthesis of CeO, mixed MXene_6%_ZnO_H samples followed the
same hydrothermal procedure. In this case, cerium(III) chloride hepta-
hydrate (CeCl3-7H20, 0.0754 g) corresponding to 1 mol% relative to Zn
(NO3)2-6H,0 was added to the precursor solution. The final product was
labelled simply MXene_ CeO, ZnO_H.

2.5. Characterization

All the samples were analyzed via X-Ray Diffraction for the phase
identification, moreover, the samples were studied using DR-UV-Visible
spectroscopy, Field Emission SEM for the microstructure analysis, and a
mass spectrometer was exploited to evaluate Hydrogen production.

In this work, the XRD analysis was performed utilizing a PANalytical
PW3040/60 X'Pert PRO MPD diffractometer using a copper Ko radiation
source (A = 0.154056 nm). The UV-visible absorption spectra were
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recorded using a Varian Cary 5000 spectrometer, coupled with an
integration sphere for diffuse reflectance acquisition, using a Carywin-
UV/scan software. A sample of PTFE with 100% reflectance was
employed as the reference. Spectra were registered in the 200-2000 nm
range at a scan rate of 240 nm/min with a step size of 1 nm. TESCAN,
Bmo, Czech Republic was the SEM used for the microstructure study, it
was coupled with Energy dispersive X-ray spectroscopy (EDS) (Oxford
Ultim Max 100, Oxford Instruments, Abingdon, UK) for the creation of
the element maps. Additionally, Field emission scanning electron mi-
croscopy (FESEM) was conducted using a TESCAN S9000G (Brno, Czech
Republic) to examine the morphology of the MXene and heterojunctions
particles. Imaging was performed using a working voltage of 10 keV.
Elemental distribution of the samples was further investigated using
energy-dispersive X-ray spectroscopy (EDX) coupled with FESEM. The
electronic paramagnetic resonance measures were conducted with a
CW-EPR EMX-Bruker spectrometer operating at X-band (9.5 GHz),
equipped with a cylindrical cavity operating at 100 KHz field modula-
tion and interfaced with a computer with WINEPR Acquisition program.
The spectra have been recorded in a bath of liquid nitrogen (77 K). The
specific surface area measurements were carried out on a Micromeritics
ASAP 2020 using the Brunauer-Emmett-Teller (BET) model on the Ny
adsorption measurement. Prior to the adsorption run, all the samples
were outgassed at 573 K for 2 h.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out using a PHI 5000 VersaProbe II (Physical Electronics, USA), equip-
ped with a monochromatic Al Ka X-ray source (1486.6 eV). The X-ray
beam was operated at a power of 24.78 W, and photoelectrons were
collected at a take-off angle of 45° with respect to the sample surface.
During the analyses, the pressure in the chamber was maintained below
107 Pa.

Survey spectra were acquired over a binding energy range from 0 to
1200 eV using a pass energy of 187.85 eV, while high-resolution spectra
were recorded at a lower pass energy of 23.50 eV. To mitigate surface
charging, a dual-beam neutralization system combining low-energy
electrons and Ar" ions was employed. Energy calibration was per-
formed by referencing the C 1s peak of titanium carbide at 281.9 eV for
the pristine MXene sample, whereas for the other samples the C 1s signal
at 284.8 eV (C-C/C-H) was used as an internal standard [16].

Data analysis and peak fitting were conducted using CasaXPS
(version 2.3.18). A Shirley background was subtracted [17], and peak
deconvolution was performed using mixed Gaussian-Lorentzian line
shapes for oxide species, while asymmetric LA functions were adopted
for carbide-related components. Quantitative elemental analysis was
obtained from the integrated peak areas of the high-resolution spectra,
applying the sensitivity factors supplied by the instrument
manufacturer.

2.6. Photocatalytic hydrogen evolution

To assess the hydrogen generated during irradiation, a mass spec-
trometer was employed to analyse the gas emanating from the sample
suspended in water solution. The reported hydrogen evolution rates
were obtained from time-resolved measurements averaged over a stable
steady-state regime; the associated uncertainties were calculated from
the propagation of the calibration curve extrapolation error and the
signal fluctuations in the steady-state region. For this set-up, 10 mg of
photo-catalyst were weighted and suspended in a solution of 9 mL of
distilled water and 1 mL of ethanol (used to increase the depletion of
holes formed in the process). Ethanol was selected as sacrificial agent
due to its lower toxicity and safer handling compared to methanol, while
still providing effective hole scavenging). For the irradiation a UV lamp
was used with a filter at a wavelength of 365 nm (THORSLAB, SOLIS-
365C. 4W of power output).

Eventually, the effluent gas composition was monitored continu-
ously with a Pfeiffer OmniSTAR GDS320 mass spectrometer connected
to the cell outlet. Mass spectrometer data collection and visualization
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were performed via the QUADERA™ software from the same supplier.
The duration of a typical experiment was 1 h.

2.7. Computational details

The computational methodologies have been described in detail in
our previous work [18]. Comprehensive computational information
specific to the ZnO and MXene systems is provided in the Supporting
Information.

3. Results
3.1. Characterization techniques

In Fig. 1 the XRD patterns corresponding to MXene, MXene_ZnO_P
and MXene_ZnO_H (with amount of MXene of 6% wt) mixed systems are
reported. To improve clarity, the diffraction peaks are explicitly
assigned in both the figure and the caption, where ZnO reflections are
indicated by blue squares and MXene reflections by black spheres. The
synthesis of MXene evidenced the presence of characteristic Ti3Cy peaks
(Fig. 1a). The MXene phase was obtained by the exfoliation in a solution
of 10% HF acid of the MAX phase obtaining the classic MXene structures
recognized in the three main peaks at 9.2°, 18.7°, and 28.1° according to
the literature data [19-21].

In Fig. 1a, the diffractograms of MXene_ZnO synthesized via hydro-
thermal and precipitation methods are shown alongside the pure MXene
sample, allowing for a direct comparison among the three materials.
Both MXene-ZnO samples display the typical diffraction peaks of ZnO,
along with weak signals corresponding to MXene, confirming the
coexistence of both phases. ZnO phase shows the typical pattern of a
wurtzite hexagonal phase [15,22]. The diffraction peaks are relatively
sharp suggesting the good crystallinity of the final product. In particular,
the samples obtained via hydrothermal synthesis present a sharper sig-
nals indicating higher crystallinity and bigger crystals respect to the
sample obtained via precipitation synthesis. Moreover, the peaks asso-
ciated with the MXene phase are more evident in the sample obtained
via hydrothermal synthesis compared to the one produced by precipi-
tation. This difference can be attributed to variations in the structural
preservation and dispersion of the MXene during the synthesis process.
In particular, the hydrothermal route likely promotes a more controlled
interaction between MXene and the oxide phases, favouring partial
retention of its layered structure and a higher degree of ordering, which
enhances the visibility of its characteristic diffraction peaks.

In contrast, the precipitation method may lead to a less homogeneous
distribution of the MXene and a higher degree of structural disorder or
restacking, as well as possible partial oxidation during synthesis and
subsequent thermal treatment. These effects can reduce the intensity of
the MXene-related reflections in the XRD patterns.

Therefore, the observed difference in peak intensity is interpreted as
an indication of a higher relative preservation of the MXene structural
features in the hydrothermally synthesized sample, although contribu-
tions from factors such as low loading, preferred orientation, and partial
overlap with ZnO peaks should also be considered.

In addition, a diffraction peak observed at low angle (26 ~ 7-8°) is
assigned to the (002) plane of Ti3CoTx MXene, corresponding to the
interlayer spacing of the layered structure. This peak is a characteristic
feature of MXene materials and reflects the periodic stacking of Ti3Cy
layers separated by surface terminations such as -O, —-OH, and -F
groups. The exact position and intensity of this reflection can be influ-
enced by the degree of exfoliation, interlayer expansion, and possible
structural modification during synthesis. To provide a more objective
comparison of MXene retention, a semi-quantitative analysis was per-
formed using the intensity ratio between the MXene (002) peak and the
main ZnO (101) peak, Iyxene/Izno. The results indicate that this ratio is
higher in the hydrothermally synthesized sample compared to the
precipitation-derived one, suggesting a greater relative preservation of
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Fig. 1. XRD analysis of the tested samples, respectively: (a) Comparison between MXene and MXene_ZnO composite obtained via hydrothermal and precipitation
way; (b) comparison among MXene_ZnO and MXene_CeO,_ZnO composites obtained via hydrothermal and precipitation way. The MXene amount for all these sample
is 6% in wt. The blue squares correspond to the standard peaks of wutzite ZnO structure and black balls to the MXene structure. The diffraction peaks corresponding
to wurtzite ZnO are marked with blue squares and include the (100), (002), and (101) reflections (JCPDS No. 36-1451). The characteristic reflections of Ti3CoTx
MXene are indicated by black spheres, corresponding to the (002), (004), and (006) planes. The reference patterns for ZnO, CeO,, and MXene are also included for
comparison. The relative intensity of the MXene-related reflections is discussed in terms of structural retention and dispersion within the composite. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the MXene structural features in the former. This difference may be
attributed to a more favourable interaction between MXene and the
oxide phases during hydrothermal synthesis, leading to reduced struc-
tural disorder or restacking. It should be noted that the Iyxene/Izno ratio
is used here as a comparative indicator within the same sample series
and does not represent an absolute measure of crystallinity, as peak
intensities in multiphase systems may also be influenced by preferred
orientation, dispersion, and local structural disorder.

Furthermore, considering the calcination temperature (450 °C) for
samples obtained through precipitation synthesis way, the relatively low
intensity of MXene-related reflections may also reflect partial structural
modification or oxidation of Ti3CyTx, which is known to be sensitive to
elevated temperatures. Nevertheless, the persistence of the MXene peak
indicates that the layered structure is at least partially retained after
synthesis.

In Fig. S1 samples obtained mixing different concentration of MXne
and ZnO (respectively 1, 6, and 12 % of MXene) prepared via hydro-
thermal synthesis are presented. The sample with 6% in weight of
MXene respect to ZnO seems to be the most interesting, cleaner and with
both the components (MXene and ZnO) well visible, for this reason it has
been selected for the preparation of the samples mixed with cerium
oxide. Finally in Fig. 1b the diffraction peaks of pure ZnO prepared with
Cerium oxide and coupled with MXene are presented. For the Ce-oxide
composite, a faint additional peak at 28.9° appears, which can be
attributed to CeO;. According to our previous studies [12] Cerium ions
(Ce** or Ce®") do not substitute Zn?* within the ZnO lattice. Instead,
they form nanosized CeO, domains that are deposited on the surface of
ZnO crystals. This behaviour is likely due to the substantial mismatch in
ionic radii between Ce**/Ce3* and Zn®*, as well as to the structural
incompatibility between the cubic fluorite structure of CeOy and the
wurtzite structure of ZnO. Aside from this slight variation, the coupling
between CeO and ZnO structure does not alter the overall XRD pattern
relative to pure ZnO, as previously reported and demonstrated by some
of us [15]. Again the different preparation ways lead to different crys-
tallinity. Moreover the presence of Cerium oxide in the system further
weakens the MXene signals, making them almost imperceptible in the
samples obtained by the precipitation method. In the CeO; mixed
sample synthesized hydrothermally, the MXene signal, although very
weak, is still observable.

The specific surface area of the samples was determined by Ny
adsorption-desorption measurements, and the results are summarized

in Table 1. All samples exhibit relatively low BET surface area values,
ranging from 8 to 31 m2 g1, These values are consistent with ZnO-based
materials synthesized via precipitation and hydrothermal methods,
where crystal growth and particle aggregation during synthesis and
thermal treatment limit the development of porosity.

The relatively low surface area may impose limitations on the
availability of active sites and mass transfer processes. However, in the
present system, photocatalytic activity is primarily governed by inter-
facial charge transfer processes rather than surface area alone. In
particular, the incorporation of Ti3CoTx MXene promotes efficient
electron extraction from ZnO, while the Ce**/Ce>* redox couple facil-
itates charge separation. Therefore, despite the modest BET values,
enhanced photocatalytic performance is achieved due to improved
electronic interactions within the heterostructure.

Similar behaviour has been reported in MXene-based photocatalysts,
where charge separation efficiency plays a more dominant role than
textural properties.

The optical properties of the synthesized samples were investigated
using UV-Vis diffuse reflectance spectroscopy (DRS) to evaluate their
light absorption behaviour. Fig. 2 reports the UV-Vis spectra of all the
prepared materials: pure MXene and pure ZnO, as well as the MXe-
ne_ZnO and MXene_CeO»_ZnO heterojunctions synthesized through both
the precipitation and hydrothermal methods. DR-UV-Vis spectra of the
as prepared material show the typical valence band — conduction band
transition of ZnO [15], apart from the spectrum of the MXene system,
which is completely black, and could not be measured directly with this
spectroscopic technique. To enable spectral acquisition, the MXene was
diluted with BaSO4 at a 1:10 wt ratio prior to measurement. Conse-
quently, the observed band gap in the DR-UV-Vis spectra of MXene
samples corresponds to barium sulphate. For all other samples, the

Table 1
BET values for synthesized samples.

Sample BET surface area (m?/g)
MXene 8+2

ZnO_P 20+ 3

Ce0,_ZnO_P 314+0.3

MXene_ZnO_P 12+ 2

MXene_ZnO_H 10+ 2
MXene_CeO,_ZnO_P 15+3
MZXene_CeO,_ZnO_H 11+2
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Fig. 2. UV-Vis diffuse reflectance spectra (DRS) of pure MXene, ZnO, MXene_ZnO, and MXene_CeO,_ZnO samples synthesized via hydrothermal and precipitation
methods: (a) full spectral range (200-2000 nm) and (b) magnified view in the 300-500 nm region. The absorption edge at ~3.2 eV corresponds to ZnO band gap
transitions, while the broad absorption in the visible-NIR region (400-1200 nm) is attributed to the plasmonic response of MXene.

optical band gap can be attributed to ZnO, using the Tauc method [23],
resulting in a value of approximately 3.2 eV, in good agreement with the
value of 3.3 eV reported in literature [24] and with our own calculations
of the band structure (Fig. S2). The only evidence of the presence of
MXene is the plasmonic absorption arising at 400 nm and with a
maximum around 1200 nm. This behaviour is amplified in the com-
posite system containing the highest amount of MXene, followed by the
mixed sample obtained via precipitation. MXene itself shows an
increasing absorption starting from 400 nm, although lower than that of
the composite systems. As expected, the samples that absorb the least in
the visible range are pure ZnO and the system with the lowest MXene
content.

A key aspect in the characterization of this class of 2D materials is the
analysis of their morphology. To examine the surface features of the
synthesized samples, Field Emission Scanning Electron Microscopy
(FESEM) was employed. Fig. 3 shows six representative specimens: the
two pristine MXene materials obtained via hydrofluoric acid (HF)
etching at concentrations of 10%, two heterojunction systems, namely
MXene_ZnO_P and MXene_ZnO_H (where the amount of MXene is 6%
wt) and the co-mixed ones MXene_ CeO, ZnO P and MXene. -
CeO,_ZnO_H. The FESEM pictures of the samples prepared via hydro-
thermal process and with different loading of MXene (1 and 12%) are
reported in Fig. S3. In the case of higher amount of MXene it is possible
to observe the formation of the accordion like structure of MXene that
completely disappears for lower loading.

Asillustrated in Fig. 3a and b (enlargement of 3a), the MXene sample
synthesized with 10% HF displays the characteristic “accordion-like”
morphology typical of MXene structures [25,26] clearly highlighting the
2D layered architecture.

Conversely, Fig. 3c, d, 3e and 3f show that the MXene_ZnO_H/P and
MXene_CeO,_ZnO_H/P composite features respectively a surface
entirely covered by ZnO and by ZnO/CeO; particles, which mask the
underlying accordion-like structure. This complete coverage results
from the synthesis method, which promotes uniform deposition of oxide
particles across the MXene surface. The presence of cerium oxide (only
1% molar respect to the concentration of ZnO) together with ZnO has
been highlighted by the EDS maps (Fig. S4). This image shows that
cerium oxide is well dispersed across the surface of both ZnO and
MXene.

Electron Paramagnetic Resonance (EPR) analysis was employed to
investigate the paramagnetic species present within the synthesized
materials. This technique is particularly valuable for studying photo-
catalytic systems, as their activity is governed by processes involving the
generation, separation, and transfer of charge carriers (electrons and
holes), which frequently give rise to paramagnetic centres. The high
sensitivity of EPR enables the detection of structural defects: including
vacancies, interstitials, and impurities, those act as trapping sites for

charge carriers, thereby influencing both their recombination dynamics
and their availability to participate in redox reactions at the material
surface. The EPR spectra shown in Fig. 4a for the MXene_ZnO_H sample
reveal two main resonance signals, indicative of intrinsic defects that
give rise to paramagnetic centres. The first signal, with a g-value of
approximately 1.96, is attributed to electrons trapped in ZnO-related
defects. These trapped electrons may participate in the reduction of
Zn* to Zn*; the latter, being electronically unstable, manifests as a
detectable paramagnetic species. This response has been previously re-
ported and discussed in the literature [15]. The second signal, centered
at g ~ 2.003, originates from unpaired electrons trapped at structural
defects which are detectable by EPR generated during the synthesis
procedure and generally unavoidable in any preparation. At low tem-
perature (77 K), a significant increase in signal intensity is observed
compared with room-temperature (RT) spectra. This enhancement ari-
ses from the paramagnetic nature of the sample. Since EPR detects
microwave-induced spin transitions, a larger population imbalance re-
sults in a correspondingly stronger signal.

Subsequently, the sample was irradiated using a high-intensity
UV-Vis lamp (filter at 365 nm) Irradiation with photons of energy
higher than the ZnO bandgap (Eg ~ 3.2 eV) promotes electrons from the
valence band (VB) to the conduction band (CB). In principle, the pho-
togenerated charge carriers should increase the concentration of para-
magnetic centres in zinc oxide (Zn™ and O™) as widely demonstrated and
described by some of us in a previous paper [15]. However, the presence
of MXene, owing to its intrinsic electronic conductivity, efficiently
captures the photogenerated electrons, thereby preventing the forma-
tion of additional paramagnetic species and stabilizing the ZnO phase.
This behaviour is confirmed by the EPR spectra shown in Fig. 4b, where
comparison of the signals before and after irradiation reveals no
detectable changes in either shape or intensity.

Fig. 5a shows the EPR spectra of the MXene_CeO2_ZnO_H sample.
The spectra appear essentially identical to those of the MXene_ZnO_H
sample reported in Fig. 4a, not because cerium oxide lacks paramagnetic
character, but due to the nature of its EPR response. The unpaired
electron in the 4f orbital of the Ce>* ion gives rise to an EPR signal that is
effectively “silent,” meaning that it is not easily detected because it is
broadened over the entire spectral range. This broadening is a conse-
quence of the large spin-orbit coupling constant of the cerium atom.
Indirect evidence of the “silent” EPR signal associated with Ce>" is
provided in Fig. 5b, which compares the EPR spectra of the sample
before and after irradiation. The post-irradiation spectrum exhibits a
noticeable decrease in signal intensity. Under irradiation, one would
expect the formation of trapped electrons in the form of Zn' centres;
however, the presence of Ce** ions enables efficient electron capture,
leading to their reduction to Ce>". Since the EPR signal of Ce3" is
effectively “silent” due to its extensive spectral broadening, this
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Fig. 3. FESEM images of (a-b) pristine MXene showing the characteristic accordion-like layered morphology, (c-d) MXene_ZnO composites synthesized via hy-
drothermal (c) and precipitation (d) methods, and (e-f) MXene_CeO,_ZnO composites obtained via hydrothermal (e) and precipitation (f) routes.

electron-trapping process results in a reduced intensity of the EPR signal
attributed to Zn™. In this case the electron transfer from ZnO to other
matrices (CeO5 and MXene surfaces) is more efficient than in the case of
the two component sample MXene_ZnO. The presence of Cerium with its
ability to capture and stabilize electrons is even improved by the pres-
ence of MXene.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the surface chemistry of the MXene-based composites. Core-level spectra
were analyzed to determine the chemical states of the elements present.

The survey spectra of all samples (Fig. 6) confirm the successful
incorporation of secondary phases onto the MXene surface. In addition
to the Ti, C, O, and F signals characteristic of MXene, the MXene/ZnO
and MXene/ZnO-CeOy composites show clear Zn signals, while the Ce

contribution is not clearly distinguishable. Residual amounts of Al,
originating from the MAX phase, were detected only in the pure MXene
sample (see Table 2).

The relative atomic concentrations, reported in Table 1 and obtained
from the integration of high-resolution core-level spectra, reveal a sur-
face strongly enriched in O, C, and Zn. Except for the bare MXene, where
the Ti signal is clearly visible (18.4 at.%), Ti is nearly undetectable in the
other samples from the survey scans, and prolonged high-resolution
acquisitions were required to obtain reliable signals for each region.

This behavior reflects both the high surface reactivity of the MXene
and the coverage provided by ZnO or ZnO-CeOy, as previously
confirmed by SEM analysis. The elevated oxygen content suggests par-
tial surface oxidation of the MXene sheets, a phenomenon commonly
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Fig. 4. X-band CW-EPR spectra of the MXene_ZnO_H sample: (a) comparison between room temperature (RT) and 77 K, showing enhanced signal intensity at low
temperature due to increased spin population; (b) spectra before and after UV irradiation (365 nm) recorded at 77K.
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Fig. 5. X-band CW-EPR spectra of the MXene_CeO,_ZnO_H sample: (a) comparison between room temperature and 77 K; (b) spectra before and after UV irradiation
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Fig. 6. XPS survey spectra of pure MXene, MXene_ZnO, and MXene_CeO,_ZnO
samples synthesized via hydrothermal and precipitation methods. The spectra
confirm the presence of Ti, C, O, and F signals characteristic of MXene, along
with Zn contributions in the composites. The weak or barely detectable Ti
signal in the composites reflects surface coverage by oxide phases and partial
oxidation of MXene, consistent with SEM observations.

Table 2
XPS relative atomic concentrations (at.%) calculated from HR spectra.

SAMPLE Atomic concentration [at.%]

Cls Ols Ti2p Fls Al2s Zn2p3 Ce3d
Mxene 38.4 34.2 18.4 7.5 1.5 / /
Mxene_ZnO_H 9.7 59.9 2.0 0.7 / 27.7 /
Mxene_ZnO_P 25.8 44.7 1.6 1.0 / 26.9 /
Mxene_Ce_ZnO_H 32.0 43.7 1.3 / / 22.5 0.4
Mxene_Ce_ZnO_P 25.3 51.1 1.9 / / 21.2 0.5

observed in Ti3CyTy exposed to air or aqueous environments [27].

Starting from the bare MXene sample, both the C 1s and Ti 2p regions
were analyzed to evaluate the oxidation states. The high-resolution C 1s
spectrum (Fig. 7, left) exhibits a rather complex structure. Beginning
with the lowest binding energy components, the characteristic MXene
“fingerprint” peak appears at 281.9 eV. Adjacent to this, at 282.4 eV, is
the contribution associated with F terminations on the MXene surface
(C-Ti-Tyx), followed by the component at 283.4 eV attributed to
passivated surface species (C-Ti-Oy).

At approximately 285 eV, the contribution from adventitious carbon
contamination is observed, while a prominent peak at 286.7 eV is
assigned to C-OH/C-O surface terminations. The final two components,
located at 289.0 and 290.8 eV, correspond to C—0 and O-C—O0 groups,
respectively [28].
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Fig. 7. High-resolution XPS spectra of pristine MXene: (left) C 1s region and
(right) Ti 2p region. The C 1s spectrum shows the characteristic Ti-C compo-
nent at ~281.9 eV, along with contributions from surface terminations
(C-Ti-Oy, C-OH/C-0) and oxidized carbon species (C=0, O-C=0).

The same analysis performed on the ZnO-based composites (not
shown) reveals C 1s regions dominated by adventitious carbon and
surface C-O species, as expected for oxide-based systems. Consequently,
the carbide-related C-Ti signal expected at ~281.8-282.0 eV is either
very weak or not clearly distinguishable, consistent with the strong
surface oxidation of the MXenes.

The Ti 2p region (Fig. 7, right) of the pure MXene sample also dis-
plays a complex structure. This behavior is widely reported in the
literature and arises from the large surface area of the material, its high
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reactivity, and the presence of surface passivation due to both oxidation
and residual species from the chemical exfoliation of the MAX phase. In
particular, functionalization with residual F and Al atoms, not
completely removed during HF treatment, contributes to this
complexity.

As highlighted in the detailed study by Brette et al. [16], it is
essential to consider not only the chemical environment of surface atoms
but also that of bulk atoms probed by XPS (within a nominal depth of
~10 nm). Furthermore, the nature of the chemical bonds—specifically
interatomic distances—plays a key role in determining chemical shifts,
which are often misinterpreted. Surface bonds are particularly sensitive
to these effects, especially in the presence of oxidation, leading to a shift
of the TiyCy component of about 1.52 eV, from 453.7 eV for TizCs to
455.2 eV for Ti3zCy0.

Based on this framework and previous literature [29], the decon-
voluted Ti 2p spectrum of the pure MXene was assigned as follows:
455.1 eV to Ti-C (MXene), 456.4 eV to Ti3C20,, 457.7 eV to Ti Oy,
459.6 eV to TiOy«Fsx, and 460.9 eV to Ti-C-F surface species.

The Ti 2p region was also analyzed for the ZnO-based composites. As
clearly shown in Fig. 8, a common behavior is observed for the hydro-
thermally synthesized samples, both with and without Ce: a small
contribution at lower binding energy, associated with carbide species, is
still detectable. In contrast, the samples prepared via the precipitation
method exhibit a simpler Ti 2p doublet, mainly related to Ti>t/Ti**
components in the 457-459 eV range, while the characteristic carbide-
related Ti-C signal at ~455 eV is strongly suppressed or not detect-
able. This indicates that, regardless of the secondary phase, the MXene
surface is largely converted into TiOy, leading to the formation of a
Ti3Co@TiOy core—shell structure. Due to the low intensity of the Ti 2p
signal and its overlap with the tail of the Zn LMM Auger peak (located on
the left side of the peaks) these regions were not deconvoluted.

The Zn 2p spectra of the MXene/ZnO-based composites (Fig. 9, left)
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Fig. 8. High-resolution XPS Ti 2p spectra of MXene-based composites synthesized via hydrothermal and precipitation methods.
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Fig. 9. High-resolution XPS spectra of Zn-containing samples: (left) Zn 2p region and (right) Zn LMM Auger region. The Zn 2ps/» peak at ~1021.2-1021.5 eV
confirms the presence of Zn>" species characteristic of ZnO. The corresponding Zn LMM Auger features allow determination of the Modified Auger Parameter (MAP),
indicating predominantly ZnO character with minor contributions from Zn(OH) in selected samples. No evidence of metallic Zn is observed.

show a well-defined Zn 2p3/5 peak in the range 1021.2 eV (MXe-
ne-ZnO_P, MXene-CeZnO_H) to 1021.5 eV (MXene-ZnO_H), which is
characteristic of Zn?t [30]. No additional components associated with
metallic Zn or other species are detected, indicating that zinc is pre-
dominantly present in the oxide form.

To further confirm this interpretation, the Zn LMM Auger regions
were also analyzed for each sample (Fig. 9, right). In this case as well,
the spectra are very similar, with only slight shifts observed, resulting in
main peak positions in the 498.4-497.8 eV range.

By combining the Zn 2p3,, and Zn LMM peak positions, it is possible
to evaluate the Modified Auger Parameter (MAP), which is independent
of the chosen binding energy reference since it relies on the relative
energy difference between these two features. According to Duchoslav
et al. [31], the expected MAP value for ZnO is (2010.1 + 0.1) eV. In this
work, a value of 2010.0 eV was obtained for the MXene-ZnO_P, MXe-
ne-CeZnO P, and MXene-CeZnO_H samples, while a slightly lower
value of 2009.7 eV was measured for MXene-ZnO_H.

Considering that the Zn 2p3,, binding energy for Zn(OH), is 1021.6
eV, with a corresponding MAP value of 2009.1 eV, these results suggest
that the MXene-ZnO_H sample exhibits a surface composition that can
be described as a mixture of ZnO and Zn(OH), phases.

The final analysis was devoted to the high-resolution Ce 3d spectra of
the MXene/ZnO-CeOy composites (Fig. 10). Due to the very low con-
centration of Ce, each acquisition required more than 300 min in order
to obtain spectra with sufficient signal-to-noise ratio for reliable inter-
pretation of the oxidation states.

Based on the detailed study by K. I. Maslakov et al. [32], six peaks
were assigned to Ce** species (v, v/, and v" for the Ce 3ds,, component,
and u, u’, and u” for the Ce 3d3,» component), while four peaks were
attributed to Ce>* (v and v’ for Ce 3ds», and u® and u’ for Ce 3ds,).

The MXene-CeZnO_P sample (Fig. 10, bottom) exhibits only the
characteristic features of Ce3* species, with no detectable contribution
from Ce*". In particular, the peak typically observed at ~916 eV (u’*),
commonly considered the fingerprint of cett [33], is absent. This in-
dicates that cerium is present at the surface exclusively in a reduced
oxidation state, consistent with a CepOs-like phase.

In contrast, the MXene-CeZnO_H sample shows contributions from
both Ce®*" and Ce** oxidation states, requiring a fitting procedure with
ten components, as illustrated in Fig. 10 (top).

These findings demonstrate that different synthesis methods lead to
distinct surface chemistries, which can significantly influence the
behavior of these materials in catalytic applications, where surface
properties play a crucial role.
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Fig. 10. High-resolution XPS Ce 3d spectra of MXene_CeZnO samples synthe-
sized via (top) hydrothermal and (bottom) precipitation methods. The hydro-
thermal sample exhibits both Ce>* and Ce** components, as evidenced by the
presence of characteristic multiplet features, including the Ce** fingerprint
peak at ~916 eV. In contrast, the precipitation-derived sample shows pre-
dominantly Ce®* species, with no detectable Ce** contribution. These results
indicate a mixed-valence cerium surface in the hydrothermal sample, consistent
with its role as a redox-active electron buffer.

3.2. Hydrogen production

After completing the calibration of the analytical setup, preliminary
photocatalytic hydrogen production tests were conducted on the syn-
thesized materials to evaluate their ability to promote water-splitting
reactions under controlled conditions. Hydrogen evolution was
assessed by irradiating the various synthesized materials with a UV lamp
set at 365 nm. A comparative analysis of the Hy ion currents reveals clear
differences in their photocatalytic activity. To obtain normalized and
comparable data across all samples, the measured Hy ion current was
converted into micromoles of hydrogen produced per gram of material
per hour (umoleg~eh™1) using the calibration curve. For what concern
the performances, under UV irradiation (filter at 365 nm), all samples
(except for pure ZnO) exhibit a progressive increase in Hy generation,
with a general tendency toward stabilization after approximately 20 min
and a plateau for the rest of the 1-h experiment. Only the data corre-
sponding to the most relevant samples are reported in Fig. 11. Specif-
ically, the ZnO_H, MXene_6%_ZnO_H, MXene_1%_ZnO_H, MXene_12%



P. Iaconis et al.

120
93,8
£ 100 4
2 79,9
c
S i 72,3
g 8 ' 69,1
=
i)
© _
8 60
c
il
S 404
el
=4
a
' 20
2,5
0
’\/°O ’\/QO ’\}Q ’\5\0 ’\5\0
o/ o/ o/ Q7
S\ R\ ,\fﬁ\ S
_\g?@/ -\9&/ N3 %
N N Nl &
| &

Fig. 11. Bar chart of the photocatalytic hydrogen evolution rates (ymol g~!
h~1) under UV irradiation (365 nm, 4 W) for selected samples. The MXene_-
Ce0,_ZnO_H sample exhibits the highest activity (93.8 pmol g’1 h’l), out-
performing both the binary MXene_ZnO_H system and pure ZnO. Error bars
represent uncertainties derived from calibration and signal stability.

_ZnO_H, and MXene_CeO»_ZnO_H samples are shown, as these exhibited
the most comparable hydrogen production rates of 2.5 pmoleg ™ h™%,
79.9 pmoleg ™! h™1, 72.3 pmoleg™! h™!, 69.1 pmoleg™! h™!, and 93.8
pmoleg~! h~1, respectively. Only the data corresponding to the best-
performing samples are reported in Fig. 6. Specifically, the MXene_6%
_ZnO_H, MXene_1%_ZnO_H, and MXene_12%_ZnO_H samples are shown,
as these exhibited the highest and most comparable hydrogen produc-
tion rates. In contrast, all samples synthesized via the precipitation
method consistently showed lower H; production (not reported)
throughout the tests compared with those prepared using the hydro-
thermal route, also we did not obtained results for the pure MXene
sample. This suggests that the method used to prepare the hetero-
junctions may influence the quality of the MXene/ZnO interface. The
observed differences in photocatalytic performance between the sam-
ples prepared via precipitation and hydrothermal methods suggest that
the synthesis route influences the properties of the resulting materials.
However, it should be noted that the experimental conditions associated
with the two methods are not strictly identical, particularly in terms of
temperature and reaction environment. These differences may affect
several key factors, including the crystallization degree of ZnO and
CeO,, the dispersion and structural preservation of MXene, and the
nature and distribution of its surface functional groups. In particular,
hydrothermal synthesis is generally associated with more controlled
crystal growth and improved interfacial contact between components,
which may favour more efficient charge transfer across the MXene/ZnO
interface. Conversely, the precipitation method may lead to a less ho-
mogeneous distribution of phases, as well as a higher degree of struc-
tural disorder or partial oxidation of MXene, especially during
subsequent thermal treatment. These effects can influence both the
electronic properties of MXene and the quality of the heterojunction
interface. Therefore, the differences in photocatalytic activity observed
in this work are interpreted as arising from a combination of factors,
including interfacial contact, MXene structural retention, and synthesis-
induced modifications of the oxide phases, rather than from a single
parameter. At the same time, it is important to emphasize that a fully
controlled comparison isolating the effect of synthesis parameters was
not possible within the scope of this study. A more systematic
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investigation, involving independently controlled synthesis variables
and advanced interfacial characterization techniques, would be required
to quantitatively assess the impact of preparation method on the
MXene/ZnO interface. This aspect will be addressed in future work. Pure
MXene (Ti3CyTy) does not produce Hy under irradiation because it lacks
a suitable bandgap for visible-light absorption and suffers from rapid
charge carrier recombination, despite its metallic conductivity and
electron-accepting properties. In MXene/ZnO or MXene/ZnO-CeOs
hybrids, ZnO (bandgap ~3.2 eV) acts as the primary photocatalyst,
generating electron-hole pairs upon UV/visible irradiation [8]. The
intimate heterojunction interface forms a Schottky barrier or Type-II
alignment, where MXene's high work function (~4.5-5 eV) and con-
ductivity trap photogenerated electrons from ZnO's conduction band,
suppressing e -h' recombination and directing electrons to surface
protons for Hy evolution (2H"+ 2e™ — Hy) [34].

CeO addition in ZnO_CeO; creates oxygen vacancies and mixed
valence states (Ce3*/Ce*"), improving charge separation and light
harvesting; MXene further boosts electron transfer, yielding synergistic
H; rates up to 10x higher than singles [35]. This explains referee re-
quests for revisions: likely to clarify bandgap/CB positions, prove
interface effects (e.g., via XPS, EIS), and quantify why pure MXene yields
zero Hy while hybrids excel [36].

The enhanced photocatalytic performance observed upon incorpo-
ration of CeO; can be attributed to the presence of the Ce**/Ce®" redox
couple, which plays a key role in charge separation. This redox process is
reversible and can be described by the equilibrium:

Cet"+e = CedF

Under irradiation, photogenerated electrons from ZnO can be trap-
ped by Ce** species, leading to the formation of Ce>*. This process
effectively suppresses electron-hole recombination by temporarily
storing electrons. Subsequently, Ce®>* can be reoxidized back to Ce**
through electron transfer to adsorbed species involved in hydrogen
evolution, thereby restoring the initial state of the material. Therefore,
CeO; acts as a dynamic electron buffer within the heterostructure,
enhancing charge separation without undergoing irreversible trans-
formation. This reversible redox cycling is widely reported in CeOs-
based photocatalytic systems and is associated with the presence of
oxygen vacancies that facilitate electron mobility. Although partial
surface modification of CeO, under reaction conditions cannot be
completely excluded, the Ce**/Ce3* redox process itself does not lead to
catalyst degradation, but rather contributes to maintaining photo-
catalytic activity through continuous charge transfer.

Finally, within the MXene_ZnO series, the MXene_6%_ZnO_H sample
shows the best performance, indicating that it has the most favourable
ratio of MXene to ZnO. However, when considering all samples, the
MXene_CeO,_ZnO_H mixed system exhibits the highest photocatalytic
activity overall. The MXene-based composites have recently gained
prominence as efficient photocatalysts for solar-driven hydrogen pro-
duction. Their high electrical conductivity and tuneable surface chem-
istry enable enhanced charge separation and accelerated electron
transport, thereby reducing recombination losses. In our case, coupling
with ZnO and forming ternary systems such as ZnO_CeOy promotes
stronger interfacial contact, improved light harvesting, and charge
transfer. This improved charge transfer enhances the rate at which the
photocatalytic steps on both the MXene and ZnO (100) surfaces proceed,
resulting in the observed higher performance. Among all investigated
samples, the MXene_CeO, ZnO_H system exhibits the highest photo-
catalytic activity, with a hydrogen evolution rate of 93.8 pmol g ! h™?
under the adopted experimental conditions. This value represents a
significant enhancement compared to the other investigated systems. In
particular, the hydrogen production rate is approximately ~37 times
higher than pure ZnO, which shows negligible activity under the same
conditions, and about ~1.2 times higher than the binary MXene_ZnO_H
sample, highlighting the beneficial effect of introducing CeO3 into the
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heterostructure. The amount of hydrogen produced is consistent with
values reported in the literature [37], particularly considering that
ethanol was used as the hole scavenger, which is known reduce photo-
catalytic performance. It is important to note that the use of ethanol
instead of more standard sacrificial agents such as methanol or trie-
thanolamine may lead to a systematic underestimation of the hydrogen
evolution rate, due to slower hole-scavenging kinetic. In Table 3 a
comparison with representative literature systems has been proposed to
place our results in the broader context of MXene-based photocatalysis.

A comparison with representative MXene/oxide systems reported in
the literature is presented in Table 3. Although direct comparison is not
straightforward due to differences in light sources, reactor configura-
tions, and sacrificial agents, the hydrogen evolution rate obtained in this
work (93.8 pmol g~ h™?1) falls within the expected range for MXene/
oxide-based photocatalysts under mild irradiation conditions. For
instance, MXene/TiO, systems typically exhibit hydrogen production
rates in the range of 200-350 pmol g! h™! under high-power xenon
irradiation and using methanol as sacrificial agent, while MXene/ZnO-
based systems can reach higher values when sulfide/sulfite hole scav-
engers are employed. Therefore, considering the relatively low irradia-
tion power (4 W UV lamp) and the use of ethanol, the performance of the
present system can be regarded as competitive within this class of
materials.

The choice of sacrificial agent plays a crucial role in determining the
efficiency of photocatalytic hydrogen evolution. In the present study,
ethanol was selected due to its lower toxicity and safer handling
compared to methanol. However, it is well established in the literature
that methanol generally leads to higher hydrogen evolution rates due to
its simpler oxidation pathway and faster kinetics. Quantitatively, several
studies on oxide-based and MXene-based photocatalysts report that the
use of ethanol instead of methanol can result in a reduction of hydrogen
evolution rates in the range of ~10-30%, depending on the catalyst
system and experimental conditions. This difference is attributed to the
more complex multi-step oxidation pathway of ethanol, involving in-
termediates such as acetaldehyde and acetic acid, which slow down hole
scavenging and reduce electron availability for hydrogen evolution.
Therefore, the hydrogen production rate measured in this work should
be considered a conservative estimate, and higher values could
reasonably be expected under standard benchmarking conditions using
methanol or triethanolamine.

3.3. Water splitting mechanism

The reaction coordinate diagram describing water oxidation on ZnO
(100) is depicted in Fig. 12. Water adsorbs weakly onto the ZnO surface
(AG = — 0.03eV, I, Fig. 12), stabilised by a hydrogen bond to the
opposing oxygen bridge site. The first dissociation proceeds via O-H
heterolytic bond cleavage, yielding OH™ and H' through an exergonic

Table 3
Comparison between experimental data of H, production.
Materials Light Sacrificial agent Hy Article
source evaluation
Ag/Zn0O 300W ethanol 805 pmol/ [38]
Hg-Xe h*g
lamp
TisCy/Zn0O 300W 0.25 M Na,SO3-6H,0 709 pmol/ [36]
2D/0D Xenon and 0.35 NayS-9H,0 h*g
Lamp
TiOy/TisCs 300W 25% Ethanol 218 pmol/ [39]
Xenon h*g
lamp
urchin-like 300W 20% methanol 347 pmol/ [40]
TiOy/ Xenon h*g
TizC204 Lamp
TizCy/Zn0O/ Uv lamp 10% ethanol 93.8 pmol/  This

CeO-, 4W h*g work
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Fig. 12. (a) Reaction coordinate diagram for the overall solvated water split-
ting process on the (100) wurtzite ZnO surface. Protons bind to Ogy sites,
whereas all other surface species bind to Zn3{ sites. Gibbs free energies are
shown as black lines. Purple lines indicate the gain or loss of charge carriers or
protons: uphill steps on the diagram correspond to the photogeneration of a
hole while downhill steps correspond to the release of a proton from the sur-
face. The energy of the positively charged intermediates, after hole generation
and proton loss, is obtained by increasing the energy of the reactant state by the
ZnO band gap (E; = 3.2 eV [46]). Non-adsorbed species are denoted by hori-
zontal blue (water) and red (oxygen) dashed lines. Zn and Ogf active sites are
represented by the symbols * and ¢, respectively. (b) Optimized structures of
adsorbed intermediates and transition states with key bond lengths indicated.
Atom colour legend: O (red), Zn (grey), H (light pink). For clarity, the first O* is
highlighted in orange from structure X. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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thermal process (I-III, Fig. 12). This step is kinetically facile, with a low
forward barrier of 0.05 eV, whereas the backward reaction has a higher
barrier of 0.13 eV. The low reaction barrier reflects the stabilizing effect
provided by the formed OH™ and the Ogyf group, which together act to
shuttle the proton between sites. However, this dissociation competes
with water desorption from the surface, which may reduce the overall
activity of the catalyst. The resulting hydroxyl anion (I, Fig. 12b) can
capture a photogenerated hole to form a hydroxyl radical (IV, Fig. 12b).
In contrast, the second O-H dissociation step (VI, Fig. 12b) is ender-
gonic, exhibiting a forward barrier of 0.92 eV (Fig. 12a), and a backward
barrier of 0.41 eV. This reflects the inherent instability of the oxygen
anion intermediate, whose small size and poor charge delocalisation
make it energetically unstable. Moreover, this pathway is unlikely to
dominate in the presence of a sacrificial agent (e.g. methanol, ethanol)
since hydroxyl radicals preferentially react with the organic species,
thereby consuming surface OH® species. Upon formation, the oxygen
atom bonds with a neighbouring Ogyf site to produce a surface-bound
peroxo intermediate (IX, Fig. 12b). Rather than releasing Oy by form-
ing an oxygen vacancy, a more favourable pathway involves the
adsorption of a second water molecule near the peroxo species (X,
Fig. 12b). This molecule undergoes deprotonation and dissociates
through a thermal process analogous to the first deprotonation, but with
a higher forward barrier (AG = 0.17 eV). The increase in barrier is
attributed to steric hindrance, with the first O adatom constraining the
Zn site bound to the second adsorbed water, lengthening the H transfer
distance to the Ogyf site, straining the hydrogen bonds that stabilize the
transition state. The resulting OH™ captures a hole to form OH® (XIII,
Fig. 12b). However, the cleavage of the radical is strongly disfavoured,
with a forward barrier of 1.27 eV and a backward barrier of 0.59 eV,
with the increase in barrier likely due to the same steric constraints
described above. The two O adatoms are energetically unstable when
isolated on the surface but readily recombine on a Zn site to form Oy,
which subsequently desorbs. The solvated Gibbs free energy change for
water splitting is calculated to be 5.49 eV in the gas phase, and 6.14 eV
after including the solvation correction. The inconsistency with the
experimentally measured standard Gibbs free energy change (4.92 eV)
[41] is related to the systematic error of GGA functionals, and their
tendency to overestimate the energy of triplet O, [42]. Such deviations
are well documented in the literature where calculated reaction energies
similarly exceed the thermodynamic limits[43-45]. It is worth noting
that these results are therefore intended to support comparative analysis
and mechanistic insights, rather than absolute thermodynamic
accuracy.

Our calculations indicate that while the O-H cleavage is kinetically
and thermodynamically accessible, the subsequent deprotonation of OH
species is significantly uphill, leading to a hydroxylated surface. In the
presence of a sacrificial agent, the surface hydroxyls are rapidly
consumed through a radical assisted dehydrogenation pathway
(Fig. 14), displacing water and reducing the build-up of OH species. The
formation of heterojunctions with Ti3Cy, MXene, and CeO, enhances the
concentration of surface-reaching photogenerated holes, increasing the
likelihood that oxidative surface reactions occur before charge recom-
bination. This effect is reflected in the increasing hydrogen production
rate observed in Fig. 11. Overall, the photocatalytic hydrogen produc-
tion rate is primarily governed by the availability and lifetime of these
charge carriers rather than by large kinetic barriers. The observed multi-
fold increase in hydrogen production, even for less performing samples
can be attributed to the availability of more efficient hydrogen evolution
sites provided by MXene.

3.4. Sacrificial agent oxidation mechanism

This section describes the photocatalytic oxidation mechanisms of
the sacrificial agent. In this work, methanol was employed as a model
organic species in the theoretical calculations to represent the hole
scavengers, due to its simple structure, which facilitates computational
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simulations. Ethanol exhibits slower reacting kinetics compared to
methanol as indicated by the comparative adsorption and O-H bond
cleavage reaction coordinate diagram depicted in Fig. S9. The following
section aims to provide a detailed mechanistic understanding of the
oxidation pathway. Methanol adsorbs weakly onto the ZnO surface
(AG = — 0.25 €V, [, Fig. 13b), through hydrogen bonding to a bridging
oxygen. The first deprotonation proceeds via an exergonic heterolytic
cleavage of the O-H bond, shuttled through the hydrogen bond network
between two adjacent O groups. This step proceeds with a forward
barrier of 0.27 eV, and a backward barrier being 0.39 eV, yielding a
CH30™ species (I-III, Fig. 13b) bound to a Zn%ér site with a ani_o bond
length of 1.83 A (I, Fig. 13b). This reaction is stabilised by strong
hydrogen bonding both before and after proton transfer. Subsequent
oxidation by a photogenerated hole produces a CH3O' radical (IV,
Fig. 13b), weakening the ZnZ{-O bond to 1.85 A. The molecule is
favourably reoriented (IV, Fig. 13b), resulting in a facile C-H dissocia-
tion with a low energy barrier of 0.19 eV. During C-H bond cleavage, the
Zn%c+ site accepts an electron from the CH3O" species, reducing it to Zn3,
and weakening the Zn-O bond. After dissociation, the resulting CH;0
molecule rearranges with its CH, group oriented away from the terminal
hydroxyl group. This structure is highly stable relative to the methoxy
radical (Fig. 13a), making this reaction effectively irreversible. Finally,
the reduced Znj, site can be reoxidized by hole capture, restoring the
active site, while the formed CH20 molecule bridges across adjacent Zn
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Fig. 13. (a) Reaction coordinate diagram for the solvated oxidation of meth-
anol to formaldehyde over the (100) wurtzite ZnO surface. Adsorbed species
bind to Zn3{ sites unless specified while protons bind to O, sites. Notation
corresponds to Fig. 12, with the dashed lines representing methanol (blue) and
formaldehyde (red). (b) Geometries of adsorbed species and identified transi-
tion states with the corresponding bond lengths. Atom colour legend: O (red),
Zn (grey), H (light pink), C (brown). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 14. Reaction coordinate diagram for the solvated oxidation of methanol to
formaldehyde over the (100) wurtzite ZnO surface. Surface species bind to Zn3d
sites, unless specified. Protons bind to Ogy,s sites. Notation is similar to Fig. 12,
with the horizontal dashed line representing methanol.

and O atoms. This configuration is stable and exhibits a substantial
desorption barrier (0.52 eV), suggesting that formaldehyde is likely to
undergo further surface reactions rather than desorb.

Alternatively, adsorbed methanol can interact with pre-adsorbed
hydroxyl species on ZnO. In this case, the binding energy is slightly
strengthened (AG = — 0.29 eV), although no initial hydrogen bond
forms between the two species. At the transition state, the methanol OH
group forms a hydrogen bond with the surface OHe radical. This step
proceeds with a low barrier of 0.07 eV and yields a methoxy radical and
water, while the backward reaction faces a significantly higher barrier of
0.71 eV. The resulting methoxy radical then undergoes the same C-H
bond scission as described in Fig. 14.

The mechanistic analysis presented in this work indicates that
hydrogen production is primarily driven by sacrificial agent oxidation,
facilitated by surface-bound hydroxyl radicals, following the pathways
illustrated in Fig. 14. Compared to the hole-assisted sacrificial agent
deprotonation pathway, the OHe-assisted oxidation is both more exer-
gonic and kinetically favourable, and is therefore expected to dominate
under aqueous conditions. The key role of OHe species in the photo-
catalytic hydrogen production process along with the synergistic inter-
action between methanol and water has been demonstrated also for
TiOg-based photocatalysts [18]. A schematic representation of the
photocatalytic mechanism, highlighting the respective roles of ZnO and
MXene in the hydrogen production process, is provided in Fig. S10.

3.5. Hydrogen formation

The elucidate the redox mechanism, the photocatalytic system was
modelled by treating ZnO and MXene as distinct components with
explicit structures. In this configuration, proton reduction and subse-
quent recombination of hydrogen radicals were proposed to occur on the
MXene surface, which hosts the negative charge carriers, while ZnO
accommodates the positive charge carriers. This is in line with other
studies that have determined the transfer of electrons to the MXene
component [47].This approach captures the charge separation at the
ZnO/MXene heterojunction interface, as illustrated in the charge density
distribution analysis reported in Fig. 15. Regions of electron accumu-
lation are observed near the MXene surface (yellow), while electron
depletion is localized on the ZnO surface (blue).

To explore the efficiency of Ti3Co MXene towards photocatalytic
hydrogen production, we investigated its ability to adsorb hydrogen
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Fig. 15. Charge density distribution plots for the ZnO/MXene heterojunction.
The regions show electron accumulation (yellow) and depletion (blue). (Iso-
surface value = 0.0013 bohr2). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

across different surface coverages up to 1 ML (monolayer). It is worth
noting that a high performing co-catalyst can not only facilitate electron
transfer from the semiconductor but also catalyse the hydrogen evolu-
tion reaction (HER) effectively. According to the Sabatier principle, the
optimal catalyst binds hydrogen with an adsorption free energy close to
zero. Therefore, a hydrogen atom must not adsorb too strongly
(AGy4s<0) or too weakly (AGg4>>0) to avoid either the poisoning of
surface sites or lack of adsorption [48]. The bare Ti3Cy surface consists of
Ti-backed (fcc) and C-backed (hcp) hollow sites. In isolated adsorption,
the C-backed hollow site is more favourable (AG = — 1.15eV,
Fig. S11a) over the Ti-backed site (AG = —0.86 eV, Fig. S11b). How-
ever, at higher coverages (>0.25 ML), optimized configurations favour
hydrogen adsorption on the Ti-backed sites instead. While the average
energy of adsorption gradually shifts towards 0 with increasing
coverage, it remains moderately negative (—0.24 eV at 1 ML, Fig. 16a).
This suggests that desorption of H is kinetically hindered on the bare
MXene, reducing its overall HER activity. However, the bare MXene
surface is typically terminated with functional groups formed during
etching and subsequent exposure to aqueous environments. Generally, a
mix of functional groups would cover the surface [49], with the
O-terminated Ti3Cy0, configuration being the most stable and prefer-
entially formed [50,51]. On this surface, hydrogen preferentially binds
to O top sites (Fig. S12), forming terminal hydroxyl species. Adsorption
on these sites is weaker (AG = — 0.49 eV). As the coverage increases
from 0.25 ML to 1 ML, the average adsorption energy approaches
thermoneutrality at 0.75 ML and further adsorption becomes thermo-
dynamically hindered (Fig. 16b). The resultant O-terminated structure
indicates a more favourable balance between H adsorption and
desorption, indicating enhanced HER activity compared to the bare
MXene surface.

4. Conclusions

In this work, MXene-based heterostructures incorporating ZnO and
CeO, were successfully synthesized using different preparation routes,
and their photocatalytic performance toward hydrogen evolution was
systematically investigated. The results demonstrate that the integration
of TigCoTx MXene significantly enhances photocatalytic activity by
promoting efficient charge separation and facilitating interfacial
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Fig. 16. Calculated free energy diagrams displaying the average adsorption free energy as a function of the coverage on a) bare and b) O-terminated MXene surfaces

at 0.25, 0.50, 0.75, and 1.00 ML coverages.

electron transfer.

Among the investigated systems, the MXene_CeO2 ZnO_H sample
exhibited the highest hydrogen evolution rate, highlighting the benefi-
cial synergistic effect of combining MXene with the CeO2/ZnO hetero-
junction. The improved performance is attributed to the dual role of
MXene as an electron mediator and of CeO as a redox-active component
through the reversible Ce*"/Ce®t couple, which together suppress
charge recombination and enhance the availability of electrons for
hydrogen production.

Mechanistic insights into water splitting revealed that the thermal
dissociation step is facile, whereas the generation of hydroxyl radicals is
limited by the photocatalytic process. In addition, the thermal decom-
position of the model sacrificial agent proceeds readily with strong
adsorption of the product onto the surface. Additionally, the O-termi-
nated MXene surface exhibits the most favourable balance between
hydrogen adsorption and desorption compared to the bare surface.

Structural and catalytic differences observed between the synthesis
methods indicate that the preparation route plays a key role in deter-
mining the interfacial interaction between the components and, conse-
quently, the photocatalytic efficiency. Although the materials exhibit
relatively low specific surface areas, the results confirm that photo-
catalytic performance is primarily governed by electronic and interfacial
properties rather than textural characteristics.

Overall, this study provides new insights into the role of MXenes in
complex oxide heterostructures and demonstrates their potential as
efficient electron mediators in photocatalytic hydrogen production
systems. The findings contribute to the rational design of advanced
photocatalysts for sustainable hydrogen generation. Future work will
include systematic testing under standard sacrificial agents (e.g.,
methanol, triethanolamine) to enable direct benchmarking with
literature.
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