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ABSTRACT
Efficient hydrogen generation via water splitting has long been limited by substantial energy losses; however, advances in the
engineering of high-performance electrocatalysts have helped to overcome this challenge. In recent years, constructing composite
structures through the deliberate optimization of two complementarymaterials has emerged as an effective strategy for enhancing
electrocatalytic activity. Guided by this approach, we developed a SnO2/MXene electrocatalyst for the hydrogen evolution reaction
(HER) using a facile in situ hydrothermal synthesis. The resulting SnMX40 composite exhibits a low overpotential of 72 mV at a
current density of 10 mA cm−2 and a small Tafel slope of 99 mV dec−1 in alkaline media, outperforming pristine SnO2 and MXene
catalysts. Furthermore, the SnMX40 catalyst demonstrates excellent durability, maintaining stable performance for up to 64 h
while preserving its structural integrity, as confirmed by X-ray diffraction (XRD) and transmission electron microscopy (TEM).
The enhanced HER performance is attributed to the abundance of active sites and improved electrical conductivity provided by
the composite architecture.
1 Introduction

To meet the world’s energy needs today, humanity is heavily
dependent on fossil fuels; however, these fuels are rapidly
depleting, and their harmful effects are raising concerns for the
environment. The energy demands can be practically addressed
by the electrochemical energy-based sources, which show great
potential in this regard. Hydrogen is identified as a fuel of
the future because it is clean, renewable, and possesses a high
calorific value of 282 kJ/mol [1]. The splitting of water molecules
into hydrogen and oxygen using an electrochemical method is
considered a simple and promising way to generate hydrogen.
This method produces pure hydrogen without releasing toxic
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compounds into the atmosphere, making it a potentially better
alternative to meet energy needs without negatively impacting
the environment. The most active hydrogen evolution reaction
(HER) catalysts are those based on precious metals, such as
platinum, due to their quick kinetics and low overpotential [2, 3].
Its scarcity and rocketing cost seriously hindered its large-scale
application. This implies that it is crucial to develop inexpensive
and readily available material-based catalysts that exhibit both
high activity and stability.

In recent years, MAX phases, which are layered ternary ceramics
with the general formulaMn+1AXn, whereM is an early transition
metal, A is a group 13–16 element, and X is carbon and/or
its use, distribution and reproduction in any medium, provided the original work is properly
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nitrogen seeks attention in water splitting catalysis [4]. Owing
to their unique crystal structure, they exhibit a rare combination
of metallic properties (such as high electrical and thermal con-
ductivity and machinability) and ceramic properties (including
high-temperature stability, oxidation resistance, and mechanical
strength). Importantly,MAXphases are the parentmaterials used
to derive MXenes, as the A-layer can be selectively etched out
to produce 2D MXene nanosheets with the formula Mn+1XnTx.
MXenes are typically expressed as Mn+1XnTz, where M denotes
transition metal elements (such as Ti, V, Mo, and Cr); X can
stand for C or N; Tz can represent surface terminals of O,
OH, or ̶ F; and n can be 1–3 [4, 5]. These MXenes are typically
synthesized by selectively etching or extracting “A” layers (A= Si,
Al, Ga, etc.) from layered MAX (Mn+1AXn) precursors. MXenes
hold great potential as catalytic applications because of their
excellent hydrophilicity, high electrical conductivity, large surface
areas, and tunable structures [6]. MXenes have demonstrated
exceptional performance as electrocatalysts, characterized by
reduced overpotentials, low Tafel slopes, and long-term stability
even at high current densities [7, 8]. A growing family of layered
materials consists of 2D transitionmetal carbides, nitrides, or car-
bonitrides, which are coined as MXenes. Furthermore, research
on post-transition metal oxides, sulfides, and selenides is being
extensively conducted to catalyzeHER in both acidic and alkaline
media [8, 9]. Among them, tin (Sn) is a silver-white metal widely
distributed element in the Earth’s crust, belonging to Group VIA
of the periodic table. Its oxide shows n-type semiconducting
behaviour and exhibits a bandgap of 3.6 eV [10]. This oxide can
be used as a sustainable and cost-effective alternative to precious
metals for water electrolysis reactions. There is some previously
reported literature that showed SnO2 exhibits good performance
for HER [11–13]. Even though the properties of MXene and
SnO2 materials are interesting, their performance in catalysis
applications is poorer than that of benchmark catalysts. There
are several strategies employed by researchers, such as doing
[14, 15], defect engineering, alloying, heterostructure, composite
formation, etc., to improve their properties [12, 16–19]. The
results of multiple experiments involving the development of
composite or hybrid structures with well-optimized structures
and concentration indicate that successful outcomes are being
achieved forHER electrocatalysis. Sn and its derivatives anchored
on 2D materials have attracted increasing attention, as demon-
strated by earlier studies [20]. Anchoring Sn species onto 2D
supports offers clear advantages, including the suppression of
agglomeration, enhanced structural stability, tailored electronic
interactions, and improved charge transport, which are essen-
tial for high-performance functional materials. Among various
2D platforms, MXenes stand out due to their high electrical
conductivity, diverse surface terminations, and chemically active
metal sites, providing abundant and tunable anchoring sites for
Sn and Sn-derived species. These unique characteristics make
MXenes an ideal host for stabilizing and modulating Sn at the
atomic or nanoscale level. However, despite rapid progress in
MXene synthesis and applications, the fundamental mechanisms
governing Sn and its derivatives anchored on MXene surfaces
remain largely unexplored and understudied. A systematic
investigation into the anchoring behavior, interfacial chem-
istry, and resulting structure–property relationships is therefore
highly warranted, both from fundamental and application-driven
perspectives.
2 of 10
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Here, we coupled SnO2 and Ti3C2Tx MXene nanosheets (denoted
as SnO2/MXene) for efficient HER performance, considering the
promise of Sn-based catalysts toward the H2 production, but its
intrinsic HER activity is hindered by low electrical conductivity
and the unique propertiesof 2D MXene materials (large specific
surface area, good hydrophilic surfaces, tuneable termination
groups, and high metallic conductivities, etc). As a result, the
SnO2/MXene composite results in activity with an overpotential
of 72 mV at 10 mA/cm2, 203 mV at 50 mA/cm2, and a Tafel
slope of 99 mV/dec in an alkaline solution. The composites
offer a large number of active sites for electrocatalytic activity,
and the synergistic effect between them results in higher HER
performance as compared to pristine materials. In summary, we
provide a straightforward and universal method for designing
new catalysts that are active and stable for the HER.

2 Experiments

2.1 Synthesis of Ti3C2Tx MXene

2 g of titanium aluminium carbide (Ti3AlC2 90%, Sigma Aldrich)
MAX powder was added into a Teflon beaker containing 40mL of
hydrofluoric (HF-48%, Sigma Aldrich) acid solution. Themixture
was vigorously stirred at 40◦C for 72 h. The obtained product was
washed multiple times with distilled water and dried at 60◦C for
12 h.

2.2 Synthesis of SnO2/MXene Composites

The powder of 3 mmol of tin chloride dihydrate (SnCl2 2H2O,
Sigma Aldrich) was added to 20 mL of distilled water and stirred
for 30 min. In another beaker, 20 mg of as-prepared MXene was
added to 15 mL of distilled water and ultrasonicated for 30 min.
Then, both solutions were mixed and further stirred for 30 min.
The well-mixed solution was transferred into a 50 mL Teflon-
lined stainless steel autoclave and heated at 200◦C for 24 h.
After the autoclave cooled naturally, the precipitated composite
powderwaswashed several timeswith distilledwater and ethanol
and dried overnight at 60◦C. The prepared composite is named
SnMX20. Similarly, the SnMX40 and SnMX60 composites were
also prepared by adding 40 and 60 mg of MXene, respectively.
The pristine SnO2 materialwas preparedwith the sameprocedure
without the addition of MXene.

2.3 Characterization of the Materials

The crystallinity and phase of materials were analyzed by X-
ray diffraction (XRD) using a Philips PW1050/37 diffractometer.
The chemical composition of materials is analyzed by Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700 FTIR Spec-
trometer). Themorphology and structure were investigated using
a field emission scanning electron microscope (FESEM, FEI
Magellan 400FEG-SEM). The atomic structure of the material
was studied by high-resolution transmission electron microscopy
(HRTEM, FEI TECNAI F20 microscope operating at 200 keV).
The instrument is also equipped with a dispersionmicro-analysis
of energy (EDS-energy-dispersive X-ray spectroscopy) and the
Advanced Materials Interfaces, 2026
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STEM accessory. STEM pictures were recorded using a high-
angle annular dark field (HAADF) detector: in this imaging
mode, the intensity I is proportional to Z1.7t, where Z is the
mean atomic number and t is the thickness of the specimen.
X-ray photoemission spectroscopy (XPS) measurements were
carried out at the VUV-Photoemission beamline of the Elettra
synchrotron (Trieste, Italy) using 750 eV photon energy and an
R-4000 electron spectrometer.

2.4 Electrochemical Measurements

The ink of the catalyst was prepared by dispersing 2 mg of elec-
trocatalyst in a mixture of 100 µL isopropanol and 10 µL of 5 wt.%
Nafion solution, followed by 1 h of ultrasonication in awater bath.
Then, homogenously mixed ink was used to prepare the working
electrode by drop-casting it on a 1 × 1 cm2 area of Nickel foam
and dried in the oven before electrochemical measurements. The
platinumwire and Ag/AgCl electrode were used as a counter and
reference electrode, respectively. All potentials were referenced
to the RHE by the Nernst equation: ERHE = E(Ag/AgCl) +
0.059 pH + EoRHE.All electrochemical tests were performed at
room temperature in a 1.0 m KOH solution. The performance of
the hydrogen evolution catalyst wasmeasured using linear sweep
voltammetry (LSV) beginning at 0 V and ending at −2.0 V vs.
RHE with a scan rate of 10 mV/s. Electrochemical impedance
spectroscopy (EIS) analysis was conducted in the same setup
in the frequency range of 0.1 Hz to 100 kHz at a modulation
amplitude of 10mV. Electrochemically active surface area (ECSA)
was evaluated by cyclic voltammetry (CV) cycling from −0.1 to
−0.3 V versus Ag/AgCl at scan rates of 120 to 200 mV/s. The
stability performance of the SnMX40 electrocatalyst was tested
using the chronopotentiometry technique at current densities of
10, 50, and 100 mA/cm2. The three-electrode cell configuration is
used to perform electrochemical characterisations connected to a
potentiostat (Biologic, SP-300).

3 Results and Discussion

The synthetic procedures ofMXene and SnO2/MXene composites
are schematically shown in Figure 1a. First, Al element layers
from the bulk Ti3AlC2 MAX phase were selectively etched with
HF acid, which develops accordion-like Ti3C2Tx MXene struc-
tures. Then, this MXene structure with numerous terminating
functional groups, such as ─O, ─OH, or ─F, was used to grow
SnO2 material on it. These negative terminals of MXene facilitate
the nucleation and assist in growing the SnO2 material.

The phases and crystallinity of the as-prepared samples are
investigated using powder XRD analysis. The MAX phase-
i3AlC2 showed strong diffraction peaks at 2θ = 9.5◦ (002), 19.0◦
(004), 34.0◦ (100), 36.7◦ (103), 38.9◦ (104), 41.7◦ (105), 48.3◦ (107),
56.4◦ (107), and 60.1◦ (110), as shown in Figure S1 [21, 22]. The
characteristic peaks MXene (Ti3C2Tx) at 2θ = 8.8◦, 18.2◦, 27.5◦,
34.9◦, and 60.8◦ correspond to (0 0 2), (0 0 4), (0 0 6), (0 0
8), and (1 1 0) planes, respectively (Figure S1) [23]. In MXene
(Ti3C2Tx) preparation, peaks at 9.5◦ and 19.0◦ were significantly
displaced to lower angles of 8.8◦ and 18.2◦, respectively, because
of the selective etching of Al layers in the MAX phase. This
shift indicates that the synthesized Ti3C2Tx MXene has a larger
Advanced Materials Interfaces, 2026
d spacing than the initial Ti3AlC2 MAX phase. The structural
expansion resulting from etching and the significant substitution
of Al with−F and−OH/=O termination groups are the causes of
an increase in d spacing. In Ti3C2Tx MXene, the strongest peak at
2θ = 38.9◦ almost vanished, indicating that a significant amount
of Al layers were removed from Ti3AlC2 [24]. Additionally, the
XRD pattern of Ti3C2Tx MXene showed less crystallinity and
disordered structural order in the sheets due to the broadness and
suppressed intensity of the peaks, indicating that the treatment
in HF acidic solution was successful [25]. There are less intense
peaks at 25◦ and 37◦ corresponding to the partially oxidized TiO2
[26]. The XRD patterns of as-prepared SnO2 and SnO2/MXene
composites are displayed in Figure 1b. The recorded diffraction
peaks of SnO2 at 26.6◦, 33.8◦, 37.9◦, 51.7◦, 54.7◦, 61.8◦, 65.9◦, 71.2◦,
and 78.7◦ were indexed to (110), (101), (200), (211), (220), (310),
(301), (202), and (321) planes of cassiterite SnO2 (JCPDS No. 41–
1415). XRD spectra of SnMX20, SnMX40, and SnMX60 composites
show peaks of both materials, without any additional peaks.
Thus, the XRD results confirm the successful synthesis of Ti3C2Tx
MXene, SnO2, and their composites. The infrared spectra of the
MXene, SnO2, and composite materials were found to be quite
similar, as presented in Figure S2. The broad stretching peak of
vibration at approximately 1600 and 3430 cm−1 was ascribed to
the hydroxyl group’s absorption peak. The bands present below
800 cm−1 are attributed to the vibrational stretching modes of
metal and oxygen. The spectra of all three composites show
equivalent characteristic peaks to the bare materials.

The morphology and structural characteristics of the synthesized
materials were investigated by field-emission scanning electron
microscopy (FESEM). The unetched Ti3AlC2 MAXphase exhibits
a densely stacked multilayer structure. After selective etching
of the Al atomic layers, the resulting Ti3C2Tx MXene displays
a characteristic accordion-like morphology (Figure S3). FESEM
images also reveal that SnO2 possesses a nanoparticle-like mor-
phology (Figure S3). As shown in Figure 1c–e, SnO2 nanoparticles
are uniformly decorated on the surface as well as intercalated
between the layers of the Ti3C2Tx MXene sheets in the composite
samples.

To further elucidate the microstructure, TEM analysis was per-
formed on the SnMX40 composite, as shown in Figure 2. The low-
magnification TEM image shows a large number of nanoparticles
uniformly embedded within a flake-like matrix of comparable
size and morphology, attributable to the MXene component. In
the higher-magnification image (Figure 2b), SnO2 nanoparticles
are clearly observed to be anchored on Ti-based 2D layers,
confirming the presence of Ti3C2Tx MXene. In addition, a large
and well-defined layered structure observed on the surface of the
carbonaceous matrix (highlighted by the red arrow) likely corre-
sponds to an additional MXene layer. HRTEM images (Figure 2c)
show that the nanometric particles are embedded within a
partially amorphous matrix. The lattice fringes observed in both
theHRTEM images and the corresponding fast Fourier transform
(FFT) inset (yellow square) can be indexed to the cassiterite
phase of SnO2, which is the thermodynamically stable crystalline
form under ambient conditions, in which SnO2 crystallizes in
a tetragonal rutile-type structure (space group P42/mnm). The
measured interplanar spacing of 0.33 nm corresponds to the
(110) plane of SnO2. Furthermore, additional lattice spacings
highlighted in red in both the HRTEM image and FFT inset are
3 of 10
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FIGURE 1 (a) Schematic representation of the preparation method of SnO2 and MXene composites, (b) XRD patterns of synthesised materials.
FESEM images of (c) SnMX20, (d) SnMX40, and (e) SnMX60.

4 of 10 Advanced Materials Interfaces, 2026
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FIGURE 2 TEM analysis of SnMX40 composite (a) Low magnification TEM micrograph, (b) High magnification TEM micrograph, (c) HR-TEM
analysis. The inset shows an FFT image of a specific area (yellow square), (d) SAED image, (e) EDS spectrum of SnMX40 composite.
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attributed to the MXene phase, consistent with the diffraction
peaks observed in the XRD patterns.

The SAED pattern shown in Figure 2d exhibits characteristic
polycrystalline diffraction rings, indicating the presence of multi-
Advanced Materials Interfaces, 2026
ple crystallites with varying sizes and orientations, in agreement
with the TEM observations at higher magnification. Energy-
dispersive X-ray spectroscopy (EDS) analysis of the SnMX40
composite (Figure 2e) confirms the presence of Sn, Ti, C, and
O elements, verifying the coexistence of SnO2 and MXene
5 of 10
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FIGURE 3 XPS core level data of the SnMX40 composite at 750 eV photon energy: (a) survey spectrum with insets of the Ti 2p and Cl 2p regions;
(b) O 1s spectrum, (c) Sn 3d spectrum, and (d) C 1s spectrum.
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components, in good agreement with the HRTEM and SAED
results. Furthermore, low-magnification high-angle annular
dark-field scanning TEM (HAADF-STEM) images (Figure S5)
provide a clearer visualization of the nanoparticle distribution
within the MXene matrix. Figure S6 presents EDS point analyses
based on the STEM micrographs, where spectra collected from
nanoparticle-rich regions show only Sn and O signals without
contributions from the low-contrast matrix. The measured Sn/O
atomic ratio of approximately 0.46 closely matches the stoichio-
metric value of SnO2, further confirming the cassiterite nature of
the nanoparticles.

XPS analysis was performed to investigate the surface elemental
composition of the SnMX40 system. The O 1s, Sn 3d, and C 1s
core levels are clearly detected in the survey spectrum (Figure 3a).
In contrast, the Ti 2p signal is only about 2% of the intensity
of the Sn 3d levels (left inset in Figure 3a). The lineshape of
the Ti 2p spectrum suggests the presence of Ti3C2Tx (Ti 2p3/2 at
about 455–456 eV) and TiO2 (Ti 2p3/2 at about 459 eV), which
are expected to form following the exfoliation of the Ti3AlC2
MAX phase bulk crystal by HF [27]. The very low Ti 2p signal
indicates that the Ti3C2Tx flakes are buried below the surface.
The O 1s spectrum (Figure 3c) can be fitted with three peaks
corresponding to O in SnO2 (531.10 eV) [SnO2] [28], OH groups
(532.35 eV), and C═O/O─C═O plus adsorbed H2O (534.00 eV).
In Figure 3c, the fitting of the Sn 3d levels highlights the presence
of two doublets with Sn 3d5/2 at 487.30 and 488.25 eV. The position
of the former doublet confirms the formation of SnO2 (cassiterite
phase) [SnO2], while the latter doublet at higher binding energy
6 of 10
derives from Sn atoms coordinatedwith four halogen atoms, such
as in SnF4 (Sn 3d5/2 at 488.4 eV) [29] and SnCl4 (Sn 3d5/2 at
488.0–488.3 eV) [30]. Indeed, both F and Cl are present in the
SnMX40 composite: the exfoliation of Ti3AlC2 by HF leads to F
termination of the Ti3C2Tx flakes (together with O and OH); Cl is
contained in SnCl2 ⋅ 2H2O, which is employed for the synthesis
of SnO2. The right inset in Figure 3a shows that residues of Cl
are detected in the SnMX40 composite. However, the intensity of
the Cl 2p core levels is too low to fully explain the intensity of
the deepest Sn 3d doublet, due to SnCl4. This observation leads
us to think that SnF4 is formed as a consequence of the chemical
interaction between SnO2 nanoparticles and the F terminations of
the Ti3C2Tx flakes. We speculate that this mechanism stabilizes
the SnMX40 composite. As a final remark, the position of the
C 1s peak corresponding to adventitious carbon at 285.30 eV
demonstrates that charging effects are negligible.

The HER electrocatalytic performance of the synthesized cata-
lysts was evaluated in a 1.0 m KOH electrolyte. The correspond-
ing linear sweep voltammetry (LSV) curves are presented in
Figure 4a. Among all the tested catalysts, SnMX40 exhibits the
bestHER activity, requiring an overpotential of 200mV to achieve
a current density of 50 mA cm−2, which is significantly lower
than those of SnMX20 (234 mV), SnMX60 (256 mV), pristine
SnO2 (285 mV), and MXene (301 mV). Notably, SnMX40 delivers
overpotentials of only 72 mV at 10 mA cm−2 and 203 mV at
50 mA cm−2, demonstrating a marked improvement over the
individual SnO2 and MXene catalysts. The superior catalytic
performance of SnMX40 can be attributed to the strong interfacial
Advanced Materials Interfaces, 2026
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FIGURE 4 Electrochemical performance of electrocatalysts in 1 m KOH electrolyte (a) LSV curves of prepared electrocatalysts, (b) Magnified
image of LSV curves, (c) Corresponding Tafel slopes, (d) Schematic representing overpotential (at 50 mA/cm2) and Tafel slope performance comparison
of electrocatalysts.

FIGURE 5 (a) EIS curves of electrocatalysts, (b) Current vs. scan rate curves, (c) Stability test recorded for SnMX40 composite at 10, 50, and
100 mA/cm2 current densities, (d) Schematic depicting SnO2 and Mxene interface.

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500945 by K
assa B

elay Ibrahim
 - U

niversità C
a' Foscari V

enezia , W
iley O

nline L
ibrary on [25/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
interaction between SnO2 and MXene, the increased number
of exposed active sites, and the optimized composition of the
composite. To further evaluate the HER kinetics, Tafel slopes
were extracted from the polarization curves (Figure 4c). SnMX40
exhibits the smallest Tafel slope of 99 mV dec−1, outperform-
ing SnMX20 (108 mV dec−1), SnMX60 (120 mV dec−1), SnO2
(116 mV dec−1), and MXene (137 mV dec−1). The reduced Tafel
slope in the range of 40–120 mV dec−1 suggests enhanced HER
Advanced Materials Interfaces, 2026
kinetics for SnMX40, which can be attributed to a lowered energy
barrier for the Volmer step.

Based on the Tafel slope analysis, the HER on the prepared
electrocatalysts in alkaline medium follows a Volmer–Heyrovsky
reaction pathway which the initial Volmer step involves the
electrochemical adsorption of hydrogen (H+ + e− →H), followed
by the Heyrovsky step where the adsorbed hydrogen reacts with
7 of 10

ve C
om

m
ons L

icense



FIGURE 6 XRD and TEM analysis of SnM40 composites after long-term stability (a) XRD pattern, (b) Magnified portion of XRD pattern, (c) Low
magnification TEMmicrograph, (b) High magnification TEMmicrograph, (c) HR-TEM analysis of SnMX40 composite. The inset shows an FFT image,
(d) SAED image.
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a proton and an electron to form molecular hydrogen (H* + H+

+ e− → H2)*. In particular, the SnMX40 catalyst exhibits a Tafel
slope of 99 mV dec−1, which is close to the theoretical value
expected for a Volmer–Heyrovsky mechanism, where the elec-
trochemical desorption (Heyrovsky step) is the rate-determining
step. In comparison to many of the recently reported MXene
and SnO2-based electrocatalysts, the HER activity of SnMX40
is superior (Table S1). The results reveal that a composite of
SnO2 and MXene (SnMX40) is a highly active electrocatalyst
for HER in an alkaline solution with a low overpotential and
quick kinetic process (Figure 4d). The superior electrocatalytic
performance of SnMax40 is attributed to its provision of an
optimal balance between SnO2 active sites andMXene conductive
support. Our XPS analysis provides insight into the interfacial
8 of 10
chemical environment of the composite. The presence of a higher-
binding-energy Sn 3d doublet indicates Sn atoms coordinated
with halogen species, which is more reasonably attributed to
Sn─F coordination arising from interfacial interactions between
SnO2 nanoparticles and F-terminated Ti3C2Tx flakes. It should
be emphasized that this Sn─F species is not proposed as an
independent active phase for HER; rather, it serves as evidence
of strong chemical coupling at the SnO2/MXene interface. This
contributes to improved charge-transfer efficiency and optimized
adsorption–desorption energetics of hydrogen intermediates,
consistent with the observed low overpotential and a Tafel slope
indicative of a Volmer–Heyrovsky mechanism. At lower MXene
content (SnMax20), limited conductivity and poor SnO2 disper-
sion reduce activity, while excessive MXene loading (SnMax60)
Advanced Materials Interfaces, 2026
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can block active sites and cause restacking, hindering ion
access.

The performance of electrocatalysts is known to be significantly
influenced by transport resistances and electrical conductivity.
The EIS measurements were used to evaluate the resistance of
the HER electrodes (Figure 5a). The solution resistance (Rs) is
around 0.99 to 2 Ω across all electrodes; however, there is a
notable difference in charge transfer resistance (Rct). The Rct
value for the SnMX40 electrodes is ∼99 Ω, which is significantly
lower than the values for the SnMX20 (226 Ω), SnMX60 (256 Ω),
SnO2 (261 Ω), and MXene (317 Ω). It is commonly recognized
that Rct strongly correlates with the HER’s kinetics, with a low
Rct value reflecting a higher electrode’s electrocatalytic activity.
The SnMX40 electrocatalyst has a high electrical conductivity
and a faster charge transfer rate than other prepared catalysts.
The number of active sites for HER is directly correlated with
the catalyst’s ECSA, which is often measured by the double-layer
capacitance (Cdl) since it is assumed to be linearly proportional
to the Cdl of the catalyst. The pristine MXene and SnO2 catalysts
showCdl values of 0.37 and 0.40mF/cm2, respectively (Figure 5b).
The Cdl of SnMX20, SnMX40, and SnMX60 composite is 0.72,
1.45, and 0.96 mF/cm2, respectively. Therefore, among prepared
catalysts, the SnMX40 catalyst exhibits the highest active sites for
the HER reaction. The results are consistent with LSV plots.

In practical applications, the durability of the electrocatalyst is
also a crucial parameter. The long-term cycling performance of
SnMX40 was measured at the current densities of 10, 50, and
100 mA/cm2, as shown in Figure 5c. The results indicate that
the electrocatalyst is showing stable performance in alkaline
media for 64 h. This could be attributed to the fact that the
interfacial bonding can induce local electronic redistribution,
enhance interfacial adhesion, and stabilize the heterostructure
under electrochemical operation (Figure 5d).

The XRD graph recorded after the long-term HER stability test is
shown in Figure 6a,b. It shows diffraction peaks of SnO2 at 26.6◦,
33.8◦, and 37.9◦, corresponding to the (110), (101), and (200) planes
of SnO2 nanoparticles. Furthermore, TEM analysis was carried
out to check the structural stability of the SnMX40 composite
after long-term stability. TEM micrographs in Figure 6c,d show
nanoparticles present in a flake-like structure of MXene. The
d-spacings of 0.33 nm in the high-resolution image and the
FFT image in Figure 6e belong to the cassiterite phase SnO2
material. SAED patterns showed that, even after long stability
material exhibits a polycrystalline structure (Figure 6f). The low-
resolution STEM-HAADF image in Figure S8 also reveals the
presence of the matrix and nanoparticles. These comprehensive
characterizations of the SnMX40 electrocatalyst after stability
tests confirm that it is suitable for use as an electrode in alkaline
water electrolysis.

4 Summary

Therefore, in this study, we have synthesised, characterized, and
systematically studied the electrochemical HER performance of
SnO2 and MXene composite. The SnMX40 catalyst requires a
low overpotential of only 72 mV to reach 10 mA/cm2, exhibits
a low Tafel slope of 99 mV/dec, and exhibits long-term stability.
Advanced Materials Interfaces, 2026
The after-stability XRDandTEMcharacterizations showed stable
behaviour and retained their pre-stability features after 64 h. As
a result of the combined action of these two different materials,
a synergistic effect is generated, which improves the charge
transfer mechanism and reduces overpotential. The composites
are rich in electrocatalytically active sites, which also increases
HER performance over pristine materials. This work presents
the importance of designing and manufacturing 2D MXene-
based composite electrocatalysts for water electrolysis that are
cost-effective as well as highly efficient.
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